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Symbiosis between bacteria and single celled eukaryotes, such as ciliates and amoebae, is
a widespread phenomenon. In the past years, the number of species characterizations of
symbiotic bacteria, has constantly grown. Especially members of the order Rickettsiales
(Alphaproteobacteria), which comprises obligate intracellular human and animal pathogens as
well as other non-pathogenic intracellular species, got into the focus. However, biodiversity
of both, protists and associated bacterial symbionts, is still largely underestimated. Thus, I
hypothesised that different kind of bacteria occur naturally in the ciliate Paramecium, that
paramecia can serve as potential reservoir for human and animal pathogens, and that the
species distribution of Paramecium and its endosymbionts shows geographical patterns. In the
present thesis, I provide data on the distribution and diversity of Paramecium species and their
endosymbionts isolated from freshwater and brackish habitats from North and South America.
The most frequent species were Paramecium biaurelia, Paramecium caudatum and Paramecium
multimicronucleatum for the North American samples as well as P. multimicronucleatum and
Paramecium calkinsi for the South American samples indicating geographical differences in
the species distribution of Paramecium between the two continents. Monoclonal cultures
were screened for the presence of endosymbionts by fluorescence in situ hybridization (FISH)
using universal and specific probes. I detected bacterial endosymbionts belonging to different
taxa of Rickettsiales sensu lato in Paramecium-cultures isolated from eight different habitats.
Moreover, I characterized the four novel endosymbiont species “Candidatus Fokinia solitaria”,
“Candidatus Fokinia cryptica”, “Candidatus Bealeia paramacronuclearis” and “Candidatus
Jurandia parameciophila”, respectively, presenting detailed descriptions. Thus, I did not
only detect various bacterial symbionts in different host species from two continents, but
I also identified bacteria related to human and animal pathogens. Moreover, phylogenetic
information provided by the four novel bacterial species helped me to revise the taxonomic
organisation of the order Rickettsiales, which I split into the two orders Rickettsiales sensu
stricto and Holosporales ord. nov. The importance and severity of a symbiosis for its host
can be estimated, among others, by studying the symbionts transmission modes. Most host-
symbiont systems in nature show a mixed mode of transmission, even if one transmission type
occurs only rarely. Moreover, evolution of exclusively vertically or horizontally transmitted
symbionts is scarce. However, circumstances for horizontal transmission of many symbiont
species so far described as vertically transmitted, are completely unknown and still need to
be revealed. Therefore, I assumed that both, vector organisms and environmental stress, can
trigger horizontal transmission. I performed different sets of infection experiments using vector
organisms and environmental stress factors as driving forces to trigger horizontal transmission.
In experiments focused on vector-induced transmission, I was not able to confirm vector
properties of Holospora towards Caedibacter, as described towards food bacteria. However,
I rarely observed vector-independent horizontal transmission of Caedibacter taeniospiralis
towards symbiont-free Paramecium species. The here tested genotypes of C. taeniospiralis
might still take advantage of additional horizontal transmission, even if it occurs rarely. In
I
addition, I tested the effect of salinity and temperature stress on the transmission of the
recently described bacterial symbionts “Candidatus Megaira polyxenophila” and “Ca. Bealeia
paramacronuclearis” as potentially interesting representatives. The involved symbiont and
host genotypes differed in their response to the induced environmental stress. Results of
horizontal transmission turned out to be ambiguous. While temperature stress did not show
any effect on transmission, salinity stress could possibly induce horizontal transmission of
“Ca. Megaira polyxenophila” at slightly increased salinity concentrations in regard to normal
conditions indicating the significance of environmental stress for the selection of the preferred
transmission mode.
Zusammenfassung
Symbiosen zwischen Bakterien und einzelligen Eukaryoten wie Ciliaten und Amöben sind
weitverbreit. In den vergangenen Jahren stieg die Anzahl der Artbeschreibungen symbiotisch
lebender Bakterien stetig an. Besonders Vertreter der Ordnung Rickettsiales (Alphaproteobacte-
ria), welche obligat intrazelluläre Menschen- und Tierpathogene sowie andere nicht-pathogene,
intrazelluläre Arten beinhaltet, rückten in den Fokus. Die Biodiversität von Protisten und
mit ihnen assoziierte, bakterielle Symbionten wird jedoch weitestgehend unterschätzt. Daher
untersuchte ich, welche verschiedenen Bakterienarten im Ciliaten Paramecium vorkommen,
ob Paramecien als potentielles Reservoir für menschen- und tierpathogene Bakterien dienen
können und ob die Artverbreitung von Paramecium und seiner Symbionten geographische Mu-
ster aufweist. In der vorliegenden Arbeit, präsentiere ich Verbreitungs- und Diversitätsdaten
von Paramecium-Arten sowie deren Endosymbionten, welche aus nord- und südamerikani-
schen Süß- und Brackwasserproben isoliert wurden. Die am häufigsten erfassten Arten in
nordamerikanischen Proben waren Paramecium biaurelia, Paramecium caudatum und Pa-
ramecium multimicronucleatum, sowie P. multimicronucleatum und Paramecium calkinsi in
südamerikanischen Proben. Die identifizierten Arten weisen auf geographische Unterschiede
in der Artverteilung der beiden Kontinente hin. Monoklonale Massenkulturen wurden unter
Verwendung universeller und spezifischer Sonden mittels Fluoreszenz in situ Hybridisierung
auf das Vorhandensein von Endosymbionten überprüft. Dabei entdeckte ich bakterielle Endo-
symbionten verschiedener Rickettsiales sensu lato-Vertreter in Paramecienkulturen aus acht
verschiedenen Habitaten. Darüber hinaus charakterisierte ich die vier neuen Endosymbionte-
narten “Candidatus Fokinia solitaria”, “Candidatus Fokinia cryptica”, “Candidatus Bealeia
paramacronuclearis” und “Candidatus Jurandia parameciophila” und lieferte detaillierte Art-
beschreibungen. Somit erfasste ich nicht nur verschiedene Symbionten in unterschiedlichen
Paramecium-Arten der beiden Kontinente, sondern identifizierte auch Bakterien, welche nahe
mit relevanten Pathogenen verwandt sind. Die phylogenetischen Informationen, die mir diese
vier neuen Bakterienarten lieferten, halfen mir die taxonomische Organisation der Ordnung
Rickettsiales zu revidieren, welche ich in die zwei Ordnungen Rickettsiales sensu stricto und
Holosporales ord. nov. aufspaltete. Die Bedeutung einer Symbiose für seinen Wirt kann un-
ter anderem durch die Erforschung der Übertragungswege abgeschätzt werden. Die meisten
natürlichen Wirt-Symbionten-Systeme zeigen gemischte Übertragungswege, auch wenn eine
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der Übertragungsarten nur wenig genutzt wird. Ferner tritt eine Evolution hin zu sich aus-
schließlich vertikal oder horizontal übertragenden Symbionten selten auf. Die Bedingungen,
unter denen eine horizontale Übertragung der meisten sich als vertikal übertragend beschrie-
benen Symbionten stattfindet, sind unbekannt und müssen nach wie vor untersucht werden.
Deshalb legte ich meiner Arbeit die Annahme zugrunde, dass sowohl Vektororganisen als
auch Umweltstress eine horizontale Übertragung begünstigen können. Ich führte verschiedene
Infektionsexperimente durch, in denen ich die Effekte von Vektororganismen und verschie-
dener abiotischer Stressfaktoren als potenzielle Auslöser für eine horizontale Übertragung
untersuchte. In den Experimenten, die sich mit einer Vektor-induzierten Übertragung beschäf-
tigten, konnte ich keine möglichen Vektoreigenschaften von Holospora gegenüber Caedibacter
nachweisen, wie sie gegenüber Futterbakterien bekannt sind. In seltenen Fällen beobachtete
ich jedoch eine Vektor-unabhängige, horizontale Übertragung von Caedibacter taeniospiralis
auf Symbionten-freie Paramecium-Arten. Die hier getesteten C. taeniospiralis-Genotypen
sind möglicherweise immer noch dazu in der Lage, die Vorteile einer zusätzlichen horizontalen
Übertragung zu nutzen. Zusätzlich testete ich die Effekte von Salz- und Temperaturstress auf
die Übertragung der kürzlich beschriebenen, bakteriellen Symbionten “Candidatus Megaira
polyxenophila” und “Ca. Bealeia paramacronuclearis” als potentiell interessante Vertreter. Die
getesteten Symbionten- und Wirtsgenotypen unterschieden sich hinsichtlich ihrer Reaktion
auf den ausgelösten abiotischen Stress. Die erzielten Ergebnisse zur horizontalen Übertragung
erscheinen jedoch nicht eindeutig. Während Temperaturstress keine Effekte auf die Übertra-
gung hatte, führte leichter Salzstress zu einer möglichen horizontalen Übertragung von “Ca.
Megaira polyxenophila”, was auf die Bedeutung abiotischer Stressfaktoren bei der Wahl des
bevorzugten Übertragungsweges hinweist.
Sommario
Le simbiosi fra batteri ed eucarioti unicellulari, come i ciliati e le amebe, è un fenomeno molto
diffuso. Negli anni passati, il numero di descrizioni di specie di batteri simbionti è cresciuto
costantemente. In particolare, sono venuti alla ribalta i membri dell’ordine Rickettsiales
(Alphaproteobacteria), che comprende patogeni intracellulari obbligati umani e di animali,
oltre ad altre specie di batteri intracellulari non patogeni. Comunque, la biodiversità dei
protisti e dei batteri simbionti a loro associati è ancora largamente sottostimata. Perciò, è
stato ipotizzato che ci siano diversi tipi di batteri che vivono in associatione con il ciliato
Paramecium in natura, che I parameci possano fungere da possibili serbatoi naturali per
patogeni umani e animali, e che la distribuzione delle specie di Paramecium e dei suoi sim-
bionti presenti dei pattern geografici. Nel presente lavoro di tesi, sono presentati dati sulla
distribuzione e diversità di specie del genere Paramecium e dei loro batteri endosimbionti,
isolate da ambienti dulciacquicoli e salmastri dal nordamerica e sudamerica. Le specie più
frequenti sono state Paramecium biaurelia, Paramecium caudatum e Paramecium multimicro-
nucleatum per i campioni nordamericani, e P. multimicronucleatum e Paramecium calkinsi
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per i campioni sudamericani, il che indica differenze geografiche nella distribuzione della
specie di Paramecium fra I gue continenti. Colture monoclonali sono state saminate per
la presenza di endosimbionti tramite ibridazione in situ a fluorescenza (FISH), impiegando
sonde universali e specifiche. Sono stati rilevati batteri endosimbionti appartenenti a diversi
taxa di Rickettsiales sensu lato in colture di paramecio isolate da otto diversi habitat. Inoltre,
sono state caratterizzate quattro nuove specie di endosimbionti, rispettivamente, “Candidatus
Fokinia solitaria”, “Candidatus Fokinia cryptica”, “Candidatus Bealeia paramacronuclearis” e
“Candidatus Jurandia parameciophila”), fornendo descrizioni dettagliate. Perciò non solo sono
stati caratterizzati diversi batteri simbionti in differenti specie di ospiti da due continenti, ma
sono anche stati identificati batteri affini a patogeni umani e animali. I dati filogenetici forniti
dalle quattro nuove specie mi hanno permesso di revisionare l’organizzazione tassonomica del-
l’ordine Rickettsiales, che è stato diviso nei due ordini Rickettsiales sensu stricto e Holosporales
ord. nov. L’importanza e la severità di una simbiosi per l’ospite può essere stimata studiando
le modalità di trasmissione del simbionte. La maggior parte dei sistemi ospite-simbionte in
natura presentano una modalità mista di trasmissione, anche se una tipo di trasmissione
avviene solo occasionalmente. Inoltre, l’evoluzione di simbionti trasmessi eclusivamente per
via verticale o orizzontale è scarsa. Comunque, le circostanze per la trasmissione orizzontale
di molti simbionti finora descritti come trasmessi orizzontalmente sono completamente sco-
nosciute, e necessitano di essere rivelate. Perciò, è stato ipotizzato che sia organismi vettori
che stress ambientali possano indurre la trasmissione orizzontali. Sono stati eseguiti diversi
set di esperimenti di infezione, impiegando organismi vettori e fattori di stress ambientali
come agenti che potessero indurre tramissione orizzontale. In esperimenti incentrati sulla
trasmissione indotta da vettori, non è stato possibile confermare capacità di vettore da parte
di Holospora nei confronti di Caedibacter, come invece descritto nei confronti di batteri a
vita libera. Comunque, in rari casi è stata osservata trasmissione orizzontale di Caedibacter
taeniospiralis verso specie di Paramecium indipendente dal vettore. I genotipi testati di
C. taeniospiralis potrebbero comunque trarre un vantaggio dalla possibilità alternativa di
trasmissione orizzontale, anche se questa avviene solo di rado. Inoltre, è stato testato l’effetto
dello stress da salinità e temperatura sulla trasmissione dei batteri simbionti recentemen-
te descritti “Candidatus Megaira polyxenophila” e “Ca. Bealeia paramacronuclearis” come
rappresentanti potenzialmente interessanti. I genotipi coinvolti di ospiti e simbionti hanno
risposto diversamente a fattori indotti di stress ambientale. I risultati sono stati ambigui in
termini di trasmissione orizzontale. Mentre lo stress da temperatura non ha mostrato un
effetto sulla trasmissione, è stata rilevata una possibile induzione della trasmissione di “Ca.
Megaira polyxenophila” in presenza di basso stress salino rispetto alle condizioni normali,
indicando l’importanza degli stress ambientali per la selezione della modalità di trasmissione.
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1.1. Symbiosis in Ciliophora
Within a symbiosis two organisms of different species live together in a morphological or
physiological unity, or in both, independent of the kind of effects on the host. This view
includes mutualistic, commensalistic and parasitic associations, and occurs in all varieties of
terrestrial, marine and freshwater habitats (Moran, 2006). A very common type of symbiosis
is the association of intracellular bacteria inhabiting eukaryotic cells like different protist
species or insect cell populations (Dale and Moran, 2006; Sassera et al., 2006; Schrallhammer
et al., 2013). These prokaryotic endosymbionts can influence important parts of their host
cells life, like nutrition and therefore, their development and reproduction, as well as immunity
and defence against enemies or other infectious symbionts (reviewed in Dale and Moran, 2006).
However, the boarders between mutualistic and parasitic properties are blurred (Ewald, 1987;
Dale and Moran, 2006; Fokin and Görtz, 2009; Görtz and Fokin, 2009). Depending on
the environmental conditions and the properties of the host genotype, even parasites can
become mutualists and provide their hosts with beneficial features (Fellous and Salvaudon,
2009; Duncan et al., 2010). Generally, hosts and endosymbionts are strongly related in co-
evolutionary processes, which could lead through speciation events, as happened between the
bacterial endosymbionts Wolbachia pipientis (Rickettsiales, Alphaproteobacteria) and the wasp
species Nasonia vitripennis and Nasonia giraulti (Breeuwer and Werren, 1990; Bordenstein
and Werren, 1998; Bordenstein et al., 2001).
Symbiosis is a widespread phenomenon in ciliates as well (for review see e.g. Preer et al.,
1974; Fokin et al., 2004b; Fujishima, 2009a; Görtz, 2010; Fokin, 2012). Various members
of both prokaryotic domains, Bacteria and Archaea, were found to inhabit ciliated protists.
Single-celled eukaryotes can be endosymbionts of ciliates as well, including green algae (Ar-
chaeplastida; e.g. Bomford, 1965; Graham and Graham, 1980; Fernandez Leborans, 1982;
Esteban et al., 2010), yeast (Opisthokonta; Bomford, 1965; Görtz, 1982; Görtz and Dieckmann,
1982), Microsporidia (Opisthokonta; e.g. Görtz, 1987b; Foissner and Foissner, 1995; Fokin
et al., 2008), and Trypanosomatidae (Excavata; Görtz and Dieckmann, 1987; Fokin et al.,
2014). The associations between endosymbionts and their ciliate hosts differ in their necessity
for the partners. Four main types are distinguished: I) facultative for both partners; II)
obligate for the host; III) obligate for the endosymbiont; and IV) obligate for both partners.
If an interaction is facultative for both partners (I), they are able to live as independent units.
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A prominent example of a facultative but stable symbiosis are ciliates such as Paramecium
bursaria (Oligohymenophorea), Ophrydium versatile (Oligohymenophorea), or Stentor poly-
morphus (Heterotrichea), with green algae Chlorella (Trebouxiophyceae, Chlorellales; Görtz,
1987a). Chlorella spp. in the cytoplasm of their hosts are protected from environmental con-
ditions, predators (Görtz, 1987a), and viruses (Kodama and Fujishima, 2009). Additionally,
they receive CO2 for photosynthesis from the host (Reisser, 1980). In return, the green algae
provide the carbohydrate maltose to their hosts, especially during starvation periods, and
therefore enables both to live as a mixotrophic unit (Esteban et al., 2010). Furthermore, the
algae protect their hosts from UV damage (Summerer et al., 2009) and infections by other
potential endosymbionts (Görtz, 1987a; Johnson, 2011). However, only a few other examples
exist for stable facultative relationships between bacteria and ciliated hosts: e.g. Legionella sp.
in Tetrahymena thermophila (Oligohymenophorea; reviewed by Hilbi et al., 2011; Hoffmann
et al., 2014); and Francisella sp. in Euplotes raikovi (Spirotrichea; Schrallhammer et al., 2011;
Sjödin et al., 2014).
The other extreme of a symbiotic relationship is one in which both partners are adapted
and co-evolved with each other (IV), such that both lost their ability to live as independent
units. These symbioses are obligate to both partners: e.g. a monophyletic group of several
freshwater species of Euplotes harbours one of two possible Betaproteobacteria: Polynucle-
obacter necessarius (Vannini et al., 2012; Boscaro et al., 2013a) or “Candidatus Protistobacter
heckmanni” (Vannini et al., 2012, 2013).
Symbioses in which the host strictly depends on the symbiont, but the symbiont is able to
live independently from its hosts (II), to the best of my knowledge, are not known in ciliates.
Nevertheless, the Karyorelictean genus Kentrophoros is colonized by epibiotic spirilla and
rod-shaped sulphur bacteria, which are used as a food source by the host through phagocytosis
(Foissner and Foissner, 1995). It is suggested that these bacteria occur as independent strains
in nature (Foissner and Foissner, 1995), but molecular evidence is missing.
On the contrary, the majority of symbiotic associations known in ciliates are considered
obligate for the endosymbiont, but not for the host (III). More than 60 bacterial endosymbionts
have been detected in various species of the ciliate genus Paramecium (Fokin and Görtz, 2009;
Görtz and Fokin, 2009), one of the most famous model organisms. Although this number
refers mainly to microscopic descriptions, more and more species characterizations nowadays
include additional molecular description as a basic feature (Fokin and Görtz, 2009; Görtz and
Fokin, 2009). Paramecium, therefore, is a perfect candidate to study host-symbiont systems.
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1.2. The model organism Paramecium spp.
(Oligohymenophorea, Ciliophora)
Members of the unicellular, ciliated eukaryote genus Paramecium belongs to the class Oligo-
hymenophorea (Ciliophora; Strüder-Kypke et al., 2000). The genus is subdivided in five
subgenera1: I) Chloroparamecium containing only Paramecium bursaria usually found in
symbiosis with Chlorella spp.; II) Helianter including Paramecium putrinum and Parame-
cium duboscqui ; III) Cypriostomum including Paramecium calkinsi, Paramecium polycaryum,
Paramecium nephridiatum, Paramecium woodruffi, and Paramecium pseudotrichium; IV)
Paramecium2 including Paramecium caudatum, the Paramecium aurelia-complex (consisting
of 15 cryptic species), Paramecium multimicronucleatum, Paramecium jenningsi, Parame-
cium wichtermani, Paramecium africanum, Paramecium jankowskii, Paramecium ugandae,
Paramecium schewiakoffi, and Paramecium buetschlii (Fokin et al., 2004a; Krenek et al.,
2015); V) Viridoparamecium consisting of Paramecium chlorelligerum, another species living
in symbiosis with a green algae (Meyerella spp.; Kreutz et al., 2012). The here mentioned
19 species are considered morphospecies, which are distinguished from each other only by
morphological features. However, some of these morphospecies consist of several genetically
different species (cryptic species) with the 15 species of the P. aurelia-complex as the most
prominent example (Sonneborn, 1974; Catania et al., 2009). Cryptic species seem to be
present also in P. jenningsi (Przyboś and Tarcz, 2016).
Paramecia are relatively large protists (∼100−350 µm) and show a complex cell structure
(Solomon et al., 2007; Beisson et al., 2010). In addition to structures and organelles common
for aerobic eukaryotic cells (for more detailed information see Allen, 1988), paramecia show
some peculiar features typical for ciliates (Allen, 1988; Beisson et al., 2010). Their genetic
information is split and stored in two different entities: the polyploid macronucleus is re-
sponsible to maintain all somatic functions, whereas the diploid micronucleus ensures the
transmission of genetic material to the daughter generation after sexual reproduction (Allen,
1988; Beisson et al., 2010). The number of micronuclei per cell is species specific, and can
even vary among individuals in some species (Allen, 1988; Fokin, 1011). Paramecium cells
show a vegetative reproduction, in which the micronucleus divides mitotically (Beisson et al.,
2010). During sexual cycle, paramecia can either mate with partners of a different mating
type by conjugation, or undergo a process of self-fertilization called autogamy (Fujishima,
1988; Beisson et al., 2010). However, the parental macronucleus disintegrates and forms new
from a zygotic nucleus after meiosis of the micronucleus (Fujishima, 1988; Beisson et al.,
2010). Due to their life-cycle characteristics, the possibility of synchronizing sexual repro-
duction and the convenience of manipulation, paramecia are suitable model organisms to
1Unvalid species are not included




study regulation mechanisms of inheritance, molecular mechanisms of DNA rearrangements,
functional specialization of small RNA pathways, and genome evolution (Beisson et al., 2010).
However, ciliates show a complex organisation of their cell cortex as well (Fig. 1.1), which
is comparable to the one of Apicomplexa and Dinoflagellata (Wolters, 1991). For their
morphological and molecular similarities, these three groups including a few smaller taxa are
united into the superphylum Alveolata (Cavalier-Smith, 1991; Wolters, 1991; Adl et al., 2012).
The cortex of ciliates includes a layer of closely packed vesicles (alveoli) supporting the plasma
membrane to ensure cell flexibility (Allen, 1988). Additionally, basal bodies (homologous to
centrioles) anchor from the inside of the cortex and prolong into the cilia (outside), which are
usually arranged in rows and spread over the entire cell (Allen, 1988). Cilia, which gave rise
to the name Ciliophora, have sensory and motile function (Allen, 1988; Beisson et al., 2010).
Both, basal bodies and cilia, are intensively studied organelle structures since they show
non-Mendelian inheritance (Beisson et al., 2010). Also trichocysts—secretory organelles—are
located in the cortex region. Trichocysts are attached to the cell membrane and are able to
expel their contents to the surrounding medium (Allen, 1988; Beisson et al., 2010). They are
used to study membrane related processes like membrane fusion or signalling (Allen, 1988;
Beisson et al., 2010). However, function of trichocysts in Paramecium is still unknown.
Paramecia usually contain two contractile vacuoles (CV), distinct, regular pulsating or-
ganelles, which ensure osmoregulation and excretion of metabolites (Heuser et al., 1993; Allen,
2000; Stock et al., 2001). The CVs are located in the anterior and posterior end of the cell,
and open through pores to the outside (Allen, 1988, 2000). The central vacuole is surrounded
by 5-10 collecting canals (ampullae), which are connected to the vacuole by ribbons of mi-
crotubules. The distal ends of the collecting canals turn into the smooth spongiome. This
undecorated membrane system is surrounded by a further membrane system composed of
bundles of straight tubules (decorated spongiome; Allen, 1988, 2000). Associated to the
decorated spongiome, millions of Vacuolar-type H+-ATPases (V-ATPases) are responsible for
electrically charging the membrane system, and thus contributing to osmoregulation (Allen,
2000; Allen et al., 2008). During the filling phase, water flows from the cytosol into the
ampullae and CV, until the CV rounds into a sphere. Suddenly, ampullae disconnect from
the CV, the CV collapses, and water is expelled through the opened up pore to the outside.
The pore then close again, and CV unites with the ampullae (Allen, 2000; Allen et al., 2008).
As model organisms, paramecia show several further advantages. They are easily cultivable
organisms with a short generation time and a practicable size. Moreover, they are easy
to manipulate physiologically and genetically, which makes them even a suitable model for
developing micro robots in medical sciences (Sarvestani et al., 2016).
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Figure 1.1.: Transmission electron microscopic image of the cell cortex of Paramecium.
Overview of the cortex structures (A) and a partial cross-section through a field of
basal bodies (B) in Paramecium sp. Rio ETE_ALG 3VII. Transverse section through
a cilium including its basal body of P. primaurelia Rio Lg_Jac 3IV (C) and through
a trichocyst of Paramecium sp. Rio ETE_ALG 3VII (D). a–pellicula with alveoli;
tric–trichocysts; mt–mitochondria; bb–basal body; c–cilium. Scale bars: 1 µm (A, B)
and 200 nm (C, D).
Members of the genus Paramecium occur ubiquitous in freshwater and brackish habitats
(Finlay, 1998; Bass et al., 2007). They forage on bacteria via phagocytosis and can regulate
the bacterial biomass in their habitat (Azam et al., 1983; Sherr and Sherr, 2002). As prey
organisms for bigger protists or Metazoa they link lower and higher trophic levels in food webs
(Azam et al., 1983; Sherr and Sherr, 2002). However, by foraging on prokaryotes, paramecia
run the risk to get colonized by bacteria (for review see Fujishima, 2009b). As unicellular
organisms, they provide several ecological niches as habitats for endosymbionts. Examples
are the cytoplasm, the macro- and micronuclei, the perinuclear space, and in rare cases even
mitochondria (Fokin et al., 2003, 2004b; Görtz and Fokin, 2009)—all representing closed and
stable environments for colonization. Ciliates were found to harbour potential pathogens,
which are important in human and veterinary medicine (Görtz, 1987b; Görtz and Dieckmann,
1987; Foissner and Foissner, 1995; Vannini et al., 2005; Fokin et al., 2008; Schrallhammer
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et al., 2011; Fokin et al., 2014). Recently, the pathogenic bacterium Legionella pneumophila
(Legionellales, Gammaproteobacteria) was detected in P. caudatum as well (Watanabe et al.,
2016). Moreover, the majority of symbiont species of Paramecium belong to the bacterial order
Rickettsiales (Alphaproteobacteria), mainly known for their human and animal pathogens.
Therefore, it is necessary to identify new host-endosymbiont-systems to be able to estimate
their potential risk as pathogen reservoirs but also to study their relationship for a better
understanding of co-evolutionary processes.
1.3. The bacterial order Rickettsiales and its importance in
symbiosis
Symbiosis is identified as one of the major evolutionary forces that led to the development
of biological diversity as it is known nowadays. One of the most important outcomes of
symbiotic events was the development of plastids and mitochondria in the evolutionary
history of eukaryotes (Mereschkowsky, 1905; Wallin, 1927; Schwartz and Dayhoff, 1978). This
process was described as “serial endosymbiosis theory” (SET; Taylor, 1974; Margulis, 1981)
and is nowadays largely accepted. More than 1.5 billion years ago, an Alphaproteobacterium-
like ancestor invaded an Archea-type host and after a long time of co-evolutionary adaptation
formed the mitochondria (Margulis and Stolz, 1984; Yang et al., 1985). The mechanism of how
the mitochondrial ancestor entered the prokaryotic host cell is still unknown. Therefore, it has
been suggested, that the mitochondrial ancestor possessed flagella to actively invade its host
(Guerrero et al., 1986; Davidov and Jurkevitch, 2009). However, analyses of molecular data
about which group of Alphaproteobacteria the mitochondria originated from, is contradicting.
Through the past years, several authors argued that Rickettsiales might be the closest relatives
to mitochondria (Emelyanov, 2001; Fitzpatrick et al., 2006; Chang et al., 2010; Sassera et al.,
2011; Rodriguez-Ezpeleta and Embley, 2012; Boscaro et al., 2013d; Ferla et al., 2013; Vannini
et al., 2014; Wang and Wu, 2015), and lifestyle and metabolic features support this hypothesis
(Emelyanov, 2001; Blanc et al., 2007). Nevertheless, other studies excluded Rickettsiales
completely as closest relatives of mitochondria (Carvalho et al., 2015; Muñoz Gómez et al.,
2015; Wideman and Muñoz Gómez, 2016).
However, the order Rickettsiales is an important group comprising exclusively obligate
intracellular bacteria (for review see e.g. Merhej and Raoult, 2011; Renvoisé et al., 2011;
Palmer and Azad, 2012). Many of them are arthropod-vectored human and animal pathogens
including causative agents for serious human diseases, such as Rocky Mountain spotted
fever (Rickettsia rickettsii), and epidemic typhus (Rickettsia prowazekii ; Walker and Ismail,
2008; Palmer and Azad, 2012). For many years, it was mainly the pathogenicity of species
such as Rickettsia, Anaplasma and Ehrlichia that stirred up the interest in this group.
While some Rickettsiales species are even pathogenic to their arthropod hosts, others seems
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to be beneficial (reviewed in Merhej and Raoult, 2011). Studies on so-called “neglected
Rickettsiaceae” or Rickettsia-like organisms (RLO) inhabiting non-haematophagous hosts
opened further perspectives in this field, both from the evolutionary and ecological points of
view (Perlman et al., 2006; Ferrantini et al., 2009; Weinert et al., 2009; Schrallhammer et al.,
2013).
At present the order Rickettsiales comprises the families (Ferla et al., 2013): I) Rickettsi-
aceae; II) Anaplasmataceae; and III) the newly described “Ca. Midichloriaceae”. Recently,
“Ca. Midichloriaceae” has been recognized as a clade or even a putative family by several
authors (Epis et al., 2008; Vannini et al., 2010; Gillespie et al., 2012; Mariconti et al., 2012;
Williams-Newkirk et al., 2012; Driscoll et al., 2013), and finally received its formal family
description by Montagna and colleagues (Montagna et al., 2013). The status of a fourth
family, Holosporaceae (“basal Rickettsiales” used synonymously in this work), is presently
debated. It fell at the base of Rickettsiales evolution in several phylogenetic trees based on
SSU rRNA gene analyses (e.g. Amann et al., 1991; Springer et al., 1993; Eschbach et al., 2009;
Boscaro et al., 2013b; Driscoll et al., 2013), and even on concatenated protein coding genes
(Driscoll et al., 2013). On the contrary, other recent studies that consider LSU rRNA and/or
different sets of protein coding genes seem to contradict this view, suggesting alternative
placements of Holosporaceae within Alphaproteobacteria (Georgiades et al., 2011; Ferla et al.,
2013; Wang and Wu, 2014; Schulz et al., 2016).
However, the families of the order Rickettsiales show differences in their host range. Up to
now, members of the Anaplasmataceae have been only detected in animals (Metazoa), thus
suggesting a certain host specificity (reviewed in Rikihisa, 2003). The family Rickettsiaceae
was considered to inhabit only arthropods and vertebrates as alternating hosts. Rather
unexpectedly, members of this family, including species showing no pathogenicity to verte-
brates (Perlman et al., 2006), have been recently detected in most eukaryotic super-groups
as defined by Adl and colleagues (Adl et al., 2012). Rickettsia-like endosymbionts occur in
Opisthokonta, such as Metazoa (e.g. in leeches; Kikuchi et al., 2002) and Holomycota (e.g.
Nuclearia; Dykova et al., 2003); in Archaeplastida, such as green algae (Kawafune et al.,
2012; Hollants et al., 2013; Kawafune et al., 2014) and higher plants (Davis et al., 1998); in
SAR (Stramenopiles, Alveolata, Rhizaria) host organisms, such as Alveolata, mainly ciliates
(Ferrantini et al., 2009; Schrallhammer et al., 2013; Vannini et al., 2014) and Rhizaria (Hine
et al., 2002); and in Excavata, such as euglenozoans (Kim et al., 2010; Kuo and Lin, 2013). In
particular, “Ca. Megaira polyxenophila” shows an exceptionally broad host range inhabiting
different ciliates (Vannini et al., 2005; Sun et al., 2009; Schrallhammer et al., 2013), cnidarians
(Fraune and Bosch, 2007; Sunagawa et al., 2009) and green algae (Kawafune et al., 2012,
2014), indicating the possibility of horizontal transfer. Similarly, the recently described family
“Ca. Midichloriaceae”, with “Ca. Midichloria” as a type genus, revealed a striking biodiversity
in the past years. “Ca. Midichloriaceae” as a whole show a wide host range. They can invade
not only different arthropods including ticks, fleas, bed bugs, seed bugs and gadflies (Epis
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et al., 2008; Hornok et al., 2008; Erickson et al., 2009; Richard et al., 2009; Matsuura et al.,
2012), but also other metazoan species such as Trichoplax adhaerens (Driscoll et al., 2013)
and cnidarians (Fraune and Bosch, 2007; Sunagawa et al., 2010). Associations to fish (Lloyd
et al., 2008; Cafiso et al., 2016) and mammals (Skarphedinsson et al., 2005; Bazzocchi et al.,
2013), including humans (Mediannikov et al., 2004; Mariconti et al., 2012; Matsuura et al.,
2012), were detected as well. Moreover, they have been found in Amoebozoa (Fritsche et al.,
1999) and Ciliophora (Vannini et al., 2010; Boscaro et al., 2013d,c). Indeed, they have been
detected in organisms belonging to different eukaryotic super-groups (for review see Driscoll
et al., 2013; Montagna et al., 2013) but up to now, there are no records from Archaeplastida
and Excavata. On the contrary, “basal Rickettsiales” were mainly observed in two major
groups of single-celled organisms: the SAR supergroup (in Ciliophora; e.g. Beier et al., 2002;
Görtz and Schmidt, 2005; Eschbach et al., 2009; Boscaro et al., 2013b, Miozoa Schweikert
and Meyer, 2001, and Cercozoa Hess et al., 2016), and the Amoebozoa (Horn et al., 1999;
Birtles et al., 2000; Baker et al., 2003; Schulz et al., 2014). Only a few species were described
in Opisthokonta (Dirren and Posch, 2016), especially in Metazoa (Wang et al., 2004; Nunan
et al., 2013; Kroer et al., 2016) but the accumulating amount of metagenomic data indicates
the presence of “basal Rickettsiales” associated to a various number of organisms and habitats.
Representative hosts of both, Rickettsiaceae and “Ca. Midichloriaceae”, are found at various
trophic levels of the food chain, suggesting the theoretical possibility of horizontal transfer of
the bacteria from one host to another by trophic interaction. Though not yet proven for all
Rickettsiales, recent findings support the idea of possible host shifts in some Rickettsiaceae
(Weinert et al., 2009; Schrallhammer et al., 2013). Data on recently described members of
“Ca. Midichloriaceae” (i.e. “Ca. Defluviella procrastinata” in Paramecium nephridiatum and
“Ca. Cyrtobacter zanobii” in Euplotes aediculatus) support the notion of the independent
establishment of different symbiotic systems involving “Ca. Midichloriaceae” and ciliates
during evolution (Boscaro et al., 2013c; Kang et al., 2014; Schulz et al., 2016). Protists may
have served as a source of infection for other organisms in aquatic environments, and may
have facilitated the later transfer of Rickettsiaceae and “Ca. Midichloriaceae” to terrestrial
habitats by arthropods. Taking into account the frequent occurrence of “Ca. Midichloriaceae”
in haematophagous ticks (Epis et al., 2008; van Overbeek et al., 2008; Spitalska et al., 2008;
Dergousoff and Chilton, 2011; Williams-Newkirk et al., 2012; Ahantarig et al., 2013; Liu et al.,
2013) and bed bugs (Richard et al., 2009), it is only a little step up to the tick’s or bug’s
victim, a potential vertebrate host. This putative course of host range expansion is presently
supported by a growing evidence for potential infectivity of “Ca. Midichloriaceae” towards
vertebrates (Mediannikov et al., 2004; Lloyd et al., 2008; Bazzocchi et al., 2013).
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Studying the biodiversity of Rickettsiales will not only provide missing links needed to
resolve the intricate evolutionary patterns within Rickettsiales per se and enlighten their role
as partners in numerous symbiotic systems, but also broaden our knowledge of host-symbiont
interaction and its development during evolution. Moreover, new potential pathogens of
humans and economically important vertebrate species might be additionally identified.
1.4. Arising questions and study goals
Although the genus Paramecium is already known since the microscope’s invention (Beisson
et al., 2010), the true species composition might still hold some surprises. Many areas
worldwide, especially tropical and subtropical countries are still largely under-sampled regions.
Moreover, genetic studies might reveal the presence of further cryptic species comprised into
one species. We still have a rather incomplete view on geographical species distribution of
Paramecium and the possible occurrence of endemic species. This is especially true with
regard to possibly present endosymbionts. However, a comparative analysis of samples from
different North and South American sampling sides might already provide some hints and
novel insights into the species diversity and distribution of Paramecium (Hypothesis 1), as
well as the prevalence and composition of their symbionts (Hypothesis 1 and Hypothesis 2).
Is it possible to find novel pathogen-related bacterial symbionts (Hypothesis 3), especially
related to the order Rickettsiales inside the isolated paramecia? What information could
novel species add on a phylogenetic level (Hypothesis 4)? Answers to these questions will
be provided in Chapter 2, including molecular and ultrastructural species description of four
novel Paramecium endosymbionts.
Moreover, knowledge on transmission routes is scares for bacterial symbionts of ciliates.
Some were originally described as infectious organisms, such as Holospora spp. and Caed-
ibacter spp. (reviewed in Fokin and Görtz, 2009; Fujishima, 2009a; Schrallhammer and
Schweikert, 2009). However, experimental horizontal transmission of Caedibacter completely
failed in recent years (Kusch et al., 2002), although related bacterial strains were observed
on different continents and sometimes even infecting different protist species (Pond et al.,
1989; Schrallhammer and Schweikert, 2009). It seems possible that laboratory cultures of
Caedibacter might have lost their ability for horizontal transmission, but the symbionts might
be passively transmitted to uninfected hosts by a vector organism (Hypothesis 5). Other
symbiont species, especially recently described ones, are poorly investigated in terms of their
transmission mode. They are known to be transmitted vertically, but data on several species
indicate the possibility of horizontal transmission as well (Schrallhammer et al., 2013; Vannini
et al., 2014; Szokoli et al., 2016a).
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Thus, transmission inducing factors are not yet known, and stressful conditions might
be the driving forces to change transmission mode (Hypothesis 6). I tested vector- and
stress-induced horizontal transmission by performing infection and co-cultivation experiments
with different symbiont-free Paramecium species. I used inocula containing Caedibacter cells
together with the supposed vector organism Holospora caryophila for infection as presented
in Chapter 3, and either inocula of different symbiotic bacteria or a co-cultivation approach
of infected donor cultures with symbiont-free acceptor cultures under various environmental
stress conditions (Chapter 4).
The following hypotheses were investigated as scientific objects of the herein presented
thesis:
Hypothesis 1 The species composition and distribution of the ciliate Paramecium and its
symbionts show a geographical pattern between North and South America.
Hypothesis 2 Different kind of bacteria occur naturally in Paramecium.
Hypothesis 3 Paramecia serve as potential reservoir for human and animal pathogens.
Hypothesis 4 Adding data of novel bacterial species can help to resolve the phylogenetic
relationships among members of the order Rickettsiales.
Hypothesis 5 The infective Paramecium symbiont Holospora caryophila can introduce other
vertically transmitted symbionts into new hosts.
Hypothesis 6 Environmental stress increases the success of infections of symbionts on their
ciliated host.
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2. Endosymbiont diversity and distribution
in Paramecium isolates from North and
South American habitats
2.1. General overview on endosymbionts inhabiting North and
South American paramecia
2.1.1. Introduction
On the basis of prokaryotic geographical distribution, a controversial debate about the
biogeography of free-living protists, such as ciliates, arose in the early nineties discussing
two different hypotheses. In contrast to macroscopic organisms, prokaryotes show a global
distribution which is only caused by habitat preferences, not by a species history (Fenchel
et al., 1994; Finlay, 2002; Horner-Devine et al., 2004). Genetical studies maintained this
hypothesis (e.g. Hagström et al., 2000; Horner-Devine et al., 2004; Tamames et al., 2010).
Assuming that protist distribution is similar to that of prokaryotic microorganisms, Fenchel
and Finlay (2004) proposed the “ubiquity model” which reveals that “everything is (almost)
everywhere” if the physiological conditions are suitable. Protists seem to show high local
but low global species diversity (Fenchel et al., 1997; Fenchel and Finlay, 2004). On the
contrary, Foissner (1999) proposed the “moderate endemicity model” providing some evidence
of truly endemic ciliate species as they occur for example in Lake Baikal (Sibiria) and Lake
Tanganyika (Central Africa). There are also some ciliate species known, which show a
restricted Gondwanan/Laurasian distribution like Neobursaridium gigas—a large freshwater
ciliate—as well as the soil ciliate species Gigantothrix herzogi and Bresslauides discoideus
(Foissner, 1999). Due to short generation times and rapid diversification, a large stock of
relatively young ciliate species are listed as endemics since they might not have achieved their
whole distribution range yet (Foissner, 2008). As this debate indicates, the information about
the diversity and phylogeography of protist species is scarce (Fenchel et al., 1997; Foissner,
1999; Weisse, 2008; Foissner et al., 2008). After nearly 20 years of discussion and experimental
research, there is still the problem to obtain reliable data and to find substantial evidence for
one of the hypotheses (Foissner, 2008).
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Every world-wide distributed population is different from each other at some phenotypic
and genotypic level (Weisse, 2008). However, most differences are hidden at the morphological
level. Organisms that are morphologically similar are defined as morphospecies which tend
to show a global distribution (Finlay et al., 2006). On the molecular and ecophysiological
level several differences are present resulting in an underestimated number of species and
complexity of ecosystems by the morphospecies concept (e.g. Finlay et al., 2006; Foissner
et al., 2008; Boscaro et al., 2014). The shifts in genotype composition between the populations
and their different distribution are detectable with molecular methods. Such genetic studies
could adduce evidence for special distribution patterns of species populations correlated to
climatic zones (Krenek et al., 2011), or geographical boundaries (Foissner, 1999) and indicate
a starting point of a possible speciation process. The identification of possible distribution
patterns of ciliates gets even more complex, if they are colonized by endosymbionts, as they
could affect the host’s distribution directly or indirectly (Hori and Fujishima, 2003; Duncan
et al., 2011b; Fellous et al., 2011).
I focused my research interest on investigating the distribution and diversity of Paramecium
species isolated from different North and South American freshwater and brackish habitats
to identify possible geographical patterns to answer Hypothesis 1. Moreover, cultures were
screened for the presence of endosymbiontic bacteria to collect information on species diversity
(Hypothesis 2) and infection potential for humans and animals (Hypothesis 3), and to corre-
late their occurrence with possible host distribution in regard of co-evolutionary processes
(Hypothesis 1). I used molecular and optical techniques to identify paramecia and their
symbionts. Paramecia were collected at 31 different locations. The most frequent species were
Paramecium biaurelia and Paramecium caudatum for the North American samples as well
as Paramecium multimicronucleatum and Paramecium primaurelia for the South American
samples. Monoclonal cultures originating from 98 single cells were screened for endosymbionts
by fluorescence in situ hybridization (FISH) using universal and specific probes. I detected
bacterial endosymbionts belonging to different groups of Rickettsiales sensu lato (Alphapro-
teobacteria) inside Paramecium-cultures isolated from ten different habitats. Furthermore, I
characterized four novel endosymbiont species and provide detailed descriptions for all species
in Chapter 2.2.
2.1.2. Material and Methods
Sampling and culture conditions
Water samples were taken in late autumn 2011 from 25 different locations in Indiana, (USA),
one in Illinois (USA) and one in Michigan (USA) including natural and artificial freshwater
environments, such as lakes and ponds (Tab. 2.1). Sampled habitats were located in hot-
summer humid continental and humid subtropical climate regions (Köppen and Geiger,
1961; modified by Peel et al., 2007). Additionally in spring 2012, four sampling sites were
12
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investigated in the Monsoon affected area around Rio de Janeiro, Brazil (Tab. 2.1). Samples
were screened for the presence of Paramecium cells, and when found, paramecia were isolated
to establish monoclonal cultures (strains) resulting in a total number of 98 strains. Usually
the same sample provided more than one strain and often more than one species, however,
not all isolated cells grew to a stable culture. Cultures were maintained at 22 ± 1 ◦C in
0.25% Cerophyl medium (CM) inoculated with either Raoultella planticola or Enterobacter
aerogenes (Krenek et al., 2011). Paramecium species were pre-identified using morphological
features according to Fokin (1011).
Molecular identification of the paramecia
For simple molecular screening of the Paramecium cultures, total DNA was extracted using
a simplified Chelex® protocol as follows: approximately 100 Paramecium cells of each
culture were washed three times in sterile spring water, and transferred in 100 µL spring
water into 0.5mL Eppendorf tubes. The tubes were stored for at least 20min at −20 ◦C to
freeze completely through the liquid. Later, 100 µL Chelex® solution (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) was added and the samples were incubated for 20min at 99 ◦C.
Immediately after incubation, the tubes were put on ice. Samples were used to amplify
and sequence the mitochondrial cytochrome c oxidase subunit 1 (COI) gene (Barth et al.,
2006). PCR products were purified with the NucleoSpin® Gel and PCR Clean-up Kit
(Macherey-Nagel GmbH & Co. KG, Düren NRW, Germany), and sequenced directly in
both directions with the same primers used for amplification at Eurofins Genomics GmbH
(Ebersberg, Germany). The obtained sequences were compared to publicly available sequences
from NCBI GenBank.
FISH screening and molecular identification of the endosymbionts
Fluorescence in situ hybridization experiments were performed to detect the presence of en-
dosymbiotic bacteria. At least 20 cells of each culture were washed three times in sterile spring
water and placed on SuperFrost Ultra Plus® slides (Gerhard Menzel GmbH, Braunschweig,
Germany). Cells were fixed with 2% paraformaldehyde (PFA), dehydrated in an ethanol
gradient and air-dried. Fixed cells were covered with hybridization buffer (Manz et al., 1992)
containing recommended formamide concentration and 10 ng/µL of each probe. Slides were
incubated over night at 46 ◦C in order to increase the accessibility of the bacterial SSU rRNA
(Yilmaz et al., 2006). The next day, after washing for 20min at 48 ◦C, slides were air-dried,
mounted with CitiFluorTM AF1 (Citifluor Ltd, London, Great Britain) containing DAPI,
and examined using the fluorescence microscope Nikon Eclipse Ti (Nikon Corporation,Tokyo,
Japan). The generic probe EUB338 (5’-GCT GCC TCC CGT AGG AGT-3’; Amann et al.,
1990) was used in combination with either the Alphaproteobacteria-specific probe ALF1b
(5’-CGT TCG YTC TGA GCC AG-3’; Manz et al., 1992) or the Gammaproteobacteria-specific
probe GAM42a (5’-GCC TTC CCA CAT CGT TT-3’; Manz et al., 1992).
13





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2. Endosymbiont diversity and distribution
Table 2.2.: Genus and species specific probes for the completion of the full-cycle rRNA approach by
fluorescence in situ hybridization; “Ca.”–“Candidatus”.
Probe name Target organism Sequence Reference






























For further identification of the observed bacterial symbionts, prokaryotic SSU rRNA gene
sequences were amplified by a touchdown PCR (Don et al., 1991) with the bacterial primer
combination Bac16SFor (5’-AAG AGT TTG ATC CTG GCT C-3’; modified from Neilan
et al., 1997) and Bac16SRev (5’-TAC GGC TAC CTT GTT ACG AC-3’; Neilan et al., 1997),
applying annealing temperatures of 58 ◦C (30 sec, 5 cycles), 54 ◦C (30 sec, 10 cycles) and 50 ◦C
(30 sec, 25 cycles). Alternatively, the Alphaproteobacteria specific forward primer 16Sα_F19b
5’-CCT GGC TCA GAA CGA ACG-3’ (Vannini et al., 2004) and the Bacteria specific reverse
primer 16S_R1522a 5’-GGA GGT GAT CCA GCC GCA -3’ (Vannini et al., 2004) were used
with the same PCR conditions. PCR products were purified with the EuroGold CyclePure
Kit (EuroClone S.p.A. Headquarters & Marketing, Pero, Milano, Italy) and sequenced using
the internal primers 16S F343 ND 5’-TAC GGG AGG CAG CAG-3’, 16S R515 ND 5’-ACC
GCG GCT GCT GGC AC-3’ and 16S F785 ND 5’-GGA TTA GAT ACC CTG GTA-3’
(Vannini et al., 2004) at GATC Biotech AG (Konstanz, Germany). For confirmation that the
obtained bacterial sequences derive from the observed endosymbionts, the monoclonal strains
were again checked with already available genus or species specific probes (listed in Table 2.2).
If no specific probes were available, new ones were designed as described in Chapter 2.2.2.
Further analyses, such as transmission electron microscopy (TEM) and phylogenetic analy-
ses, were performed only for the endosymbionts observed in cultures US_Bl 11III1, US_Bl
12I1, US_Bl 15I1, US_Bl 36I1 and Rio ETE_ALG 3VII. More detailed information on meth-
ods applied for characterizing US_Bl 36I1 are provided in (Boscaro et al., 2013d). A complete
methodological description and characterization of the other before mentioned strains is given
in Chapter 2.2 of this work and in Szokoli et al. (2016a,b,c).
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2.1.3. Results
Paramecium species and abundance
In total, 98 Paramecium cultures were established, from which 63 strains originated from 27
North American locations, and 35 strains from the surrounding area of Rio de Janeiro, Brazil.
From four locations, more than one Paramecium species was observed. The most frequent
North American species were Paramecium biaurelia and Paramecium caudatum out of seven
different species (Fig. 2.1) according to comparative analyses on COI gene sequences. On
the contrary, the species composition of the Brazilian samples was more diverse compared
to the samples from USA. The most frequent species isolated from Brazil was Paramecium
multimicronucleatum. However, five different species were identified in samples from Lagoa
de Jacarepaguá including the rare species Paramecium calkinsi and Paramecium sonneborni.
The eukaryotic SSU rRNA gene sequences of the cultures Rio ETE_ALG 3VII, 3IX, 3X
and 3XI (all sequences were identical, 1711 bp) showed a strong relationship to the P. aurelia-
group as well as to P. caudatum and P. multimicronucleatum (95−99% identity in BLAST).
The COI gene sequences (all identical as well, 760 bp) resembled to other Paramecium spp.
with 84−88% identity. Moreover, a striking morphological feature was the variable number
of micronuclei which ranged between two and six per cell (Fig. 2.2). Thus, the cultures were
considered a potentially novel species and submitted to further morphological and molecular
analyses.
Infection with endosymbiotic bacteria
The available strains were screened for the presence of endosymbionts. A total of 17 strains
established from eight locations around Bloomington were occupied by intracellular bacteria.
Almost all endosymbionts inhabited P. biaurelia; only one location was found to harbour
infected P. multimicronucleatum (resulting in four cultures). Although rather common, no
P. caudatum cells were found to be infected with bacteria. Two out of the four tested Brazilian
locations harboured infected paramecia (six strains). Bacteria were observed in P. primaurelia
and the novel Paramecium species but not in the most frequent P. multimicronucleatum.
According to NCBI Blast and FISH confirmation, the endosymbiont “Candidatus (Ca.)
Megaira polyxenophila” inhabited the cytoplasm of P. biaurelia from one North American
location, and P. primaurelia from one South American location. The obtained sequences
were similar through their entire length and showed a close association to “Ca. Megaira
polyxenophila”, but not to the subclades “Ca. Megaira” B or C as defined by Schrallhammer
et al. (2013).
18
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Figure 2.1.: Paramecium species composition in different North and South American
habitats. Indicated are the total numbers of habitats occupied by certain Parame-
cium species (grey bars), and the proportional number of habitats in which infected
paramecia were isolated (red bars). P1a–P. primaurelia; P2a–P. biaurelia; P3a–P. tri-
aurelia; P6a–P. sexaurelia; P11a–P. undecaurelia; P12a–P. dodecaurelia; Pa–P. aurelia
with no further specification; Pc–P. caudatum; Pmmn–P. multimicronucleatum; Pcal–
P. calkinsi ; Pson–P. sonneborni ; Psp.nov.–Paramecium spec. nov.
In P. multimicronucleatum cultures from the Yellow Wood lake (USA), an intramacro-
nuclear symbiont was found, which was identified as “Ca. Trichorickettsia mobilis” (Vannini
et al., 2014). In antibiotics treatment as conducted like the ones described in Dusi et al. (2014),
it was not possible to cure “Ca. Trichorickettsia mobilis” bearing host cells from their bacterial
symbionts without causing host cell death (data not shown). In strains US_Bl 36I1, 36I2,
and 36I3—all isolated from a small pond near Spencer (IN, USA)—I rediscovered the species
Lyticum sinuosum (formerly Sigma particle; Sonneborn, 1959), which was described by Preer
et al. (1974) as the largest endosymbiont in Paramecium aurelia syngen 2 (now P. biaurelia).
It was never observed again in other paramecia isolated from freshwater samples up to this
study (Boscaro et al., 2013d). The curved rod-shaped cells (Fig. 2.3) are not motile within the
Paramecium cell, but bear flagella. Since the L. sinuosum type strain 114 lost its symbionts,
isolates US_BL 36I were used for comparative analyses (morphology, ultrastructure, killer
capabilities and phylogeny) with their sister species Lyticum flagellatum from Paramecium
octaurelia strain 299 (Lambda particle; Preer et al., 1974). The phylogenetic analysis (Fig.
2.4) revealed L. sinuosum as a representative of the order Rickettsiales closely related to “Ca.
Midichloria mitochondrii”. For more details see Boscaro et al. (2013d).
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Figure 2.2.: DAPI staining of Paramecium spp. strain Rio ETE_ALG 3VII indicates the
relative positioning of four micronuclei (blue arrows) to the macronucleus. Scale bar:
10µm.
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All other observed bacteria inhabiting Paramecium (cultures US_Bl 11III1, US_Bl 12I1,
US_Bl 15I1 and Rio ETE_ALG 3VII) showed relatively low sequence similarity values to
already known bacterial symbionts and were thus, characterized as novel species (see Chapter
2.2).
2.1.4. Discussion
Species composition and dispersal of sampled paramecia
A high number of cryptic species in ciliated protists has been identified through molecular
approaches in the last decade (e.g. Simon et al., 2008; Gentekaki and Lynn, 2010; Krenek
et al., 2015; Przyboś et al., 2015; Przyboś and Tarcz, 2016). With its high resolution power of
intra-haplogroup variation, mitochondrial DNA turned out to be the preferred marker rather
than eukaryotic SSU rDNA to investigate species and population genetics of the globally
distributed ciliate genus Paramecium (Barth et al., 2006). Mitochondrial DNA evolves faster
compared to nuclear DNA, which is caused by the high frequency of transcription, biochemical
processes during mitosis, and the lack of protective histones in mitochondria (for review see
Rand, 2001). Furthermore, mitochondrial genes are sheltered from the conjugation process.
Thus, COI sequences were used in addition to morphological features in this study to identify
isolated paramecia at the species level. The species composition of North and South American
habitats turned out to be significantly different. Only P. multimicronucleatum, P. caudatum
and P. primaurelia occurred in both areas. Other species were only sampled in either North
or South America. Moreover, as indicated by Cognetti and Maltagliati (2000), the brackish
habitat Lagoa de Jacarepaguá (Rio de Janeiro, Brazil) contained the highest number of
different Paramecium species, and even rare ones. My findings are in good agreement with
the available literature showing, that Paramecium is a cosmopolitan genus (Finlay, 1998; Bass
et al., 2007). Some species of the P. aurelia-complex such as P. primaurelia, P. biaurelia,
P. tetraurelia, and P. sexaurelia are considered globally distributed and were recorded from
many locations around the world (e.g. Przyboś and Surmacz, 2010; Przyboś et al., 2013).
Although not sampled in the present study, P. biaurelia was previously recorded in South
America (see Przyboś and Surmacz, 2010). Other P. aurelia species seem to have a restricted
distribution. P. sonneborni was recorded only in one habitat in Texas, USA (Aufderheide
et al., 1983), but recently described also from sampling sites in Greece (Przyboś et al., 2014,
2015). With the provided data from this study, P. sonneborni is recorded the first time in
Brazil, South America, indicating this species to be a rare but possibly globally distributed
species. Comparably, the brackish water species P. calkinsi was never observed before this
study in samples from Brazil (Przyboś et al., 2012). The species belongs to the Parame-
cium subgenus Cypriostomum which includes also Paramecium polycaryum, Paramecium
nephridiatum, Paramecium woodruffi, and Paramecium pseudotrichium (according to Fokin
et al., 2004a). However, analysis based on COI gene sequences of P. calkinsi and related
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Figure 2.3.: Morphology and ultrastructure of Lyticum sinuosum (from Boscaro et al.,
2013d). Negative staining (A) and ultrathin sections (B,C) of L. sinuosum harboured
by P. biaurelia strain US_BL 36I1. Arrowheads highlight some of the flagella, arrows
point at symbiosomal membranes. M stands for mitochondria. Scale bars stand for
1 µm.
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Figure 2.4.: Phylogenetic position of Lyticum species (from Boscaro et al., 2013d).
Bayesian tree built on the unmodified character matrix (60 sequences, 1331 characters)
employing the GTR + I + G model (with the continuous gamma distribution approxi-
mated by 4 discrete categories). Numbers associated to each node correspond to ML
bootstrap values and posterior probability values (values below 70 | 0.85 are omitted);
numbers inside trapezoids show the number of sequences used to represent that clade.
The bar stands for an estimated sequence divergence of 10%. “Ca.”–“Candidatus”; unc.
bac.–uncultured bacterium.
species revealed a rather complex phylogeny among these species, and the possible occurrence
of morphospecies (Przyboś et al., 2012). Further phylogenetic analyses including also other
markers are necessary to shed some light on the true relationships.
The Paramecium species (ETE_ALG 3VII, 3IX, 3X and 3XI) isolated from the wastewater
treatment plant in Rio de Janeiro (Brazil) showed a high SSU rRNA sequence identity to
P. caudatum strains found in Pakistan (HE662763–65). However, COI sequence identity
dropped to 88% compared to publicly available P. caudatum sequences and no COI sequences
are available for the Pakistani strains. Thus, morphological and molecular data indicated that
I was dealing with a novel Paramecium species related to the P. aurelia-caudatum group (see
also Chapter 2.2.3). A morphological and molecular description will be provided elsewhere
(S. Krenek, pers. comm.).
All the findings of rare and novel species in Brazil indicate that many habitats and even
continents, such as South America, Africa, Australia and wide areas of Asia, are still largely
uninvestigated. With the present data, I can confirm, that there are specific patterns in the
distribution of some Paramecium species (Hypothesis 1). It is true that climatic conditions
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and abiotic factors such as salinity or pH influence the dispersal of paramecia (Przyboś and
Surmacz, 2010; Przyboś et al., 2013), which can be inferred also from my data. However, it
seems imaginable, that, especially with the ongoing globalization inducing an anthropogenic
impact on the distribution of many species, the Paramecium species distribution might be
cosmopolitan at least on the genus level. On the contrary, speciation can be a comparatively
fast process in organisms with short generation times such as ciliates, increasing the likelihood
of discovering novel species in a specific region, which have not yet spread into other habitats,
thus, representing endemic species.
Endosymbionts identified in this study
The present work provides some insights in the species composition and distribution of
endosymbionts naturally occurring in Paramecium (Hypothesis 1 and Hypothesis 2 ). All
investigated bacteria were members of the Alpha-subdivision of Proteobacteria, and some of
them belonged to the newly described species “Ca. Megaira polyxenophila” (Schrallhammer
et al., 2013). Its representatives occur in many different host organisms, such as ciliates (e.g.
Paramecium, Euplotes and Diophrys; Vannini et al., 2005; Schrallhammer et al., 2013) but
were also observed in green algae (Kawafune et al., 2012; Hollants et al., 2013; Kawafune
et al., 2014), and cnidarians (Fraune and Bosch, 2007; Sunagawa et al., 2009). In this study,
“Ca. Megaira polyxenophila” was observed in P. biaurelia and P. primaurelia from North
and South American samples. This endosymbiont species seems to be very common among
different taxonomic groups, and they probably have the ability to adapt easily to several
eukaryotic host cells. This fact and the different geographical regions in which they were
observed (sampling sites from North and South America in this and other studies in Sun
et al., 2009; Sunagawa et al., 2009; Hollants et al., 2013, as well as European locations in
Vannini et al., 2005; Fraune and Bosch, 2007; Hollants et al., 2013; Schrallhammer et al., 2013
and Asian locations in Kawafune et al., 2012, 2014), indicate a global distribution possibly
without any preference of climate regions. Furthermore, because of its distribution pattern,
it has been suggested, that “Ca. Megaira polyxenophila” is able to infect symbiont-free hosts
(Schrallhammer et al., 2013, see also Chapter 4.2).
Other symbiotic species have also been found in different hosts. “Ca. Trichorickettsia mo-
bilis”, flagellated bacteria of the Rickettsiaceae family, were found to occupy the macronucleus
of P. multimicronucleatum but have been observed also in the cytoplasm of P. nephridiatum
(Vannini et al., 2014), P. calkinsi (E. Sabaneyeva, pers. comm.), Euplotes aediculatus (Vannini
et al., 2014) and Pseudokeronopsis spp. (M. Castelli, pers. comm.). Although cytoplasmic
forms lack flagella, the bacteria have been shown to swim in vivo within the macronucleus
of their hosts (Vannini et al., 2014). This observation might support the hypothesis that
the mitochondrial ancestor was a flagellated Alphaproteobacterium possibly belonging to the
order Rickettsiales (e.g. Sassera et al., 2011; Vannini et al., 2014). The efforts on curing
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P. multimicronucleatum from “Ca. Trichorickettsia mobilis” failed, which is in agreement
with other studies (E. Sabaneyeva and M. Castelli, pers. comm.). It might be possible, that
the bacterium became obligate for the inhabited P. multimicronucleatum isolates, as it was
observed for freshwater Euplotes spp. harbouring Polynucleobacter necessarius (Vannini et al.,
2012; Boscaro et al., 2013a).
On the contrary, the Paramecium endosymbiont Lyticum spp. was discovered almost
one century ago (Sonneborn, 1959; Preer et al., 1974), and no other isolates harbouring
these bacteria were found until now. With the isolates from a small pond near Spencer,
USA (sample number 36), I obtained P. biaurelia cultures infected with a symbiont showing
the same morphological and molecular characteristics as L. sinuosum described from the
type strain 114. Interestingly, my environmental isolates originated from the surroundings
of Indiana University Bloomington, where T. Sonneborn was working at the time of his
Lyticum description (see also Boscaro et al., 2013d). For historical reason, Lyticum was
identified as the first validly described genus of the recently established Rickettsiales family
“Ca. Midichloriaceae” (Boscaro et al., 2013d; Montagna et al., 2013). Due to fact that
L. flagellatum and L. sinuosum cannot be cultivated outside their hosts, the species would
have been described as “Candidatus” species, if it would have been discovered in recent times
(Stackebrandt et al., 2002). The presence of flagella in Lyticum is in agreement with genomic
and transcriptomic data of the family’s type species “Ca. Midichloria mitochondrii” (Sassera
et al., 2011; Mariconti et al., 2012). The putative importance of flagella and motility in
the early mitochondrial evolution has been proposed recently (Sassera et al., 2011) and is
supported by these and other findings (Boscaro et al., 2013d; Vannini et al., 2014).
All other observed symbionts showed relatively low identity values to other published
alphaproteobacterial SSU rRNA sequences. Thus, these bacteria were considered novel
species and molecular and ultrastructural species characterizations were performed as follows
(see Chapter 2.2).
2.2. Characterization of novel endosymbionts
2.2.1. Introduction
The bacterial order Rickettsiales belongs to the Alphaproteobacteria and exclusively comprises
obligate intracellular bacteria including causative agents for serious human diseases, such as
Rickettsia rickettsii (Rocky Mountain spotted fever), and Rickettsia prowazekii (epidemic
typhus; Walker and Ismail, 2008; Gillespie et al., 2012; McQuiston and Paddock, 2012).
For many years, it was mainly the pathogenicity of species such as Rickettsia, Anaplasma
and Ehrlichia that stirred up the interest in this group. Later, the discovery of their close
relationship to mitochondria fueled speculations on their phylogeny and evolution (Andersson
et al., 1998; Emelyanov, 2001; Gray et al., 2001). Studies on so-called “neglected Rickettsiaceae”
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or Rickettsia-like organisms (RLO) inhabiting non-haematophagous hosts opened further
perspectives in this field, both from the evolutionary and ecological points of view (Perlman
et al., 2006; Ferrantini et al., 2009; Weinert et al., 2009; Schrallhammer et al., 2013).
At present, the taxonomy of the order Rickettsiales (Garrity et al., 2005; Gillespie et al.,
2012) includes the three strongly supported monophyletic families Rickettsiaceae, Anaplasma-
taceae, and “Ca. Midichloriaceae” (RAM clade), and several clades formerly represented by the
family Holosporaceae (“basal Rickettsiales”). In the past years, the molecular characterization
of novel endosymbiotic species and the increasing genomic and metagenomic data have
changed our view of this bacterial order. More complex analyses based on different genetic
markers (Georgiades et al., 2011; Ferla et al., 2013; Schulz et al., 2016) indicate that the
position of the “basal Rickettsiales” should be carefully revised. Two contrary models for
the phylogeny of this group have recently arisen. One follows the historical path, in which
Rickettsiales includes the families Rickettsiaceae, Anaplasmataceae, “Ca. Midichloriaceae”,
and Holosporaceae together with related sequences (“basal Rickettsiales”). This model is
usually supported by phylogenetic analyses based on prokaryotic SSU rRNA gene sequences
(e.g. Lo et al., 2006; Sassera et al., 2006; Epis et al., 2008; Vannini et al., 2010; Boscaro et al.,
2013c,d; Driscoll et al., 2013; Schulz et al., 2016). The opposing model does not recover the
monophyly of all Rickettsiales and separates “basal Rickettsiales” to form a new order. Ferla
et al. (2013) named this group Holosporales based on analyses with prokaryotic SSU and LSU
rRNA gene sequences, and other studies support this notion (Georgiades et al., 2011; Schulz
et al., 2016; Hess et al., 2016)).
Thus, the identification of novel symbiotic bacteria belonging to Rickettsiales sensu lato is
not only necessary to detect potentially harmful bacteria (Hypothesis 3), but is also important
to disentangle the phylogenetic relationships among representatives of this group (Hypothesis
4). Furthermore, it can provide information on evolutionary forces leading towards stable
infections in which symbiotic partners regulate one another in a mutualistic, commensalistic
or parasitic way.
In this study, I characterized four novel bacterial species including molecular, phylogenetic
and ultrastructural description. One of the symbionts represents a new solitary branch within
the “Ca. Midichloriaceae” family. It was recently discovered in a Paramecium species collected
from a wastewater treatment plant in Rio de Janeiro (Brazil). According to the taxonomic
rules for uncultivable bacteria (Stackebrandt et al., 2002), I named the endosymbiont species
“Ca. Fokinia solitaria”. Another novel member of this genus, “Ca. Fokinia cryptica”, was
found together with the new endosymbiont “Ca. Bealeia paramacronuclearis” in a so far
stable double-infection of Paramecium biaurelia collected near Bloomington, Indiana (USA).
A second Paramecium isolate harbouring only “Ca. Bealeia paramacronuclearis” was sampled
nearby and was used for comparative analyses. The fourth novel symbiotic species “Ca.
Jurandia parameciophila” inhabited another North American P. biaurelia isolate. According
to my phylogenetic analyses of “basal Rickettsiales” I propose a taxonomic reorganization
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of the order Rickettsiales (Hypothesis 4) by excluding all “basal Rickettsiales” and forming
a novel order Holosporales ord. nov., as suggested by Ferla and colleagues (Ferla et al.,
2013). I consequently propose a redefinition of the family Holosporaceae, and moreover
the establishment of the new family “Candidatus Hepatincolaceae”. New insights into the
evolutionary pattern of Rickettsia-like organisms are also discussed here.
2.2.2. Materials and Methods
Host isolation, cultivation and identification
The Paramecium isolates (strains) containing the four novel symbionts were sampled during
two short sampling campaigns around Bloomington, Indiana (USA) in 2011, and Rio de
Janeiro, Brazil in 2012 (Tab. 2.1). The double-infected Paramecium isolate US_Bl 11III1
derived from a freshwater sample of a small pond in the Miller Showers Park in Bloomington
(39° 10′ 46.1′′ N, 86° 32′ 3.6′′ W). The single-infected isolate US_Bl 15I1 bearing “Ca. Bealeia
paramacronuclearis” was sampled approximately 17 km away, in the 0.54 km2 Yellow Wood
Lake (39° 11′ 30.2′′ N, 86° 20′ 30.9′′ W). Paramecium containing “Ca. Jurandia paramecio-
phila” originated from the Skater’s pond (39° 14′ 40′′ N, 86° 32′ 30′′ W), located approximately
10 km outside Bloomington. The South American Paramecium strains Rio ETE_ALG 3VII,
3IX, 3X and 3XI were isolated from the wastewater treatment plant Estação de Tratamento
de Esgoto Alegria (22° 52′ 16′′ S, 43° 13′ 44′′ W). Monoclonal cultures were established and
maintained as previously described (Chapter 2.1.2). As strain Rio ETE_ALG 3XI lost its
endosymbionts after few generations of cultivation, bacterial SSU rRNA gene sequence and
TEM observation were not obtained for this strain.
Total DNA was extracted for molecular characterization of host and endosymbionts: approx-
imately 50 Paramecium cells were washed several times in sterile spring water, incubated at
room temperature overnight and washed again to minimize bacterial contaminants; cells were
fixed in 70% ethanol and DNA was extracted using the NucleoSpin® Plant DNA Extraction
Kit (Macherey- Nagel GmbH & Co. KG, Düren NRW, Germany), following the CTAB-based
protocol for fungi. Host species were identified using morphological features (Fokin, 1011) and
confirmed by sequencing the eukaryotic SSU rRNA gene (following the approach described
by Petroni et al., 2002), mitochondrial cytochrome c oxidase subunit 1 (COI) gene (Barth
et al., 2006) and the internal transcribed spacer (ITS; modified according to Boscaro et al.,
2012). PCR products were purified with the EuroGold CyclePure Kit (EuroClone S.p.A.
Headquarters & Marketing, Pero, Milano, Italy), and directly sequenced at GATC Biotech
AG (Konstanz, Germany). For sequencing, internal primers were used for the eukaryotic SSU
rRNA gene (Rosati et al., 2004) and ITS regions (Boscaro et al., 2012). The COI gene was
sequenced directly in both directions with the same primers used for amplification (Barth
et al., 2006).
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Molecular characterization of the endosymbionts
Prokaryotic SSU rRNA gene sequences were obtained by direct sequencing for three of the
four endosymbiotic species. Touchdown PCR (Don et al., 1991) was carried out as decribed in
Chapter 2.1.2. Additionally, a specific PCR was carried out for “Ca. Jurandia parameciophila”
(strain US_Bl 12I1) to increase the sequencing quality. The specific primer Jur_F73 5’-ATA
TGG AGC TTG CTC TAT ATG TTA G-3’ was designed and used in combination with the
universal reverse primer 16S_R1522a (Vannini et al., 2004) under the same conditions.
Two different approaches, cloning and direct sequencing, were used to obtain the prokaryotic
SSU rRNA gene sequence of the second endosymbiont (“Ca. Fokinia cryptica”) in isolate
US_Bl 11III1. For cloning, PCR amplification was carried out with Phusion High-fidelity
DNA polymerase (New England BioLabs Ipswich, Massachusetts, USA). The universal primers
Bac16SFor and Bac16SRev (Neilan et al., 1997) were used in a “touchdown” PCR proto-
col (annealing at 58 ◦C for 10 cycles followed by annealing at 54 ◦C for 25 cycles). PCR
products were then purified and 3’ A-overhangs added through incubation in a reaction
mix containing 1.67x Colorless GoTaq Reaction Buffer of Promega (Fitchberg, Wisconsin,
USA) with 66.67 µM dATPs, 5mM MgCl2, and 1U GoTaq polymerase (Promega) in a total
volume of 15 µL for 20min at 72 ◦C. This DNA was cloned into the pGEM®-T Vector
System (Promega) and transformed into competent TOP10 Escherichia coli cells following
manufacturer’s instructions. Three clones derived from DNA of US_Bl 11III1—showing
identical restriction patterns after digestion with MboI (New England Biolabs Inc., Ipswich,
Massachusetts, USA), but different from restriction patterns of food bacteria and the endosym-
biont of the single-infected host (strain US_Bl 15I1)—were sequenced from both directions
using M13 primers. The resulting three sequences were used to produce a consensus sequence
for the second endosymbiont isolate US_Bl 11III1. In order to confirm the obtained SSU
rRNA gene sequence, direct sequencing was performed on the same PCR product employed
for cloning, using specific internal primers Fokinia_F434 5’-CTC TTT TGG TAG GGA TGA
TAA T-3’, Fokinia_R434 5’-ATT ATC ATC CCT ACC AAA AGA G-3’, Fokinia_F1250
5’-AGA AGG CTG CAA CAG GGT-3’, and Fokinia_R1250 5’-ACC CTG TTG CAG CCT
TCT-3’.
Fluorescence in situ hybridization (FISH)
FISH experiments were performed as described in Chapter 2.1.2. Alternatively, to reduce
autofluorescence background signal, cells were incubated for 30min at 4 ◦C in 2% PFA in
depression slides, transferred to microscope slides and incubated again for 30min at 4 ◦C.
The surplus liquid was removed. One drop of ice-cold 70% methanol was added, immediately
removed and the slides were transferred into a washing chamber filled with 2x PBS at room
temperature. Hybridization was performed applying 10 ng/µL of each probe in hybridization
buffer containing optimal formamide concentration (see Chapter 2.2.3). The slides were
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Table 2.3.: Target organisms, sequences and melting temperature Tm of the specific probes
Fokinia_434 and Fokinia_1250, FokSol_198, FokCry_198, Bealeia_1245, Jurandia_189.





Fokinia_434 “Ca. Fokinia” 5’-ATT ATC ATC CCT ACC AAA AGA G-3’ 54.7 ◦C
Fokinia_1250 “Ca. Fokinia” 5’-ACC CTG TTG CAG CCT TCT-3’ 56.0 ◦C
FokSol_198 “Ca. Fokinia
solitaria”
5’-CTT GTA GTG ACA TTG CTG C-3’ 54.5 ◦C
FokCry_198 “Ca. Fokinia
cryptica”








5’-GCG GTA AAC CTT TAA CCT C-3’ 54.5 ◦C
incubated at 46 ◦C in a humid chamber for 1.5−2 h, followed by two washing steps in washing
buffer (Manz et al., 1992) for 30min at 48 ◦C. During the whole procedure cells were
prevented from drying. Finally, the cells were covered with Mowiol (Calbiochem®, Merck
KGaA, Darmstadt, Germany) containing p-phenylenediamine (PPD) and DAPI according
to manufacturer protocol. Images were obtained with a Leica TCS SPE confocal laser
scanning microscope (Leica Microsystems GmbH, Wetzlar, Germany). The used probes were
EUB338 (5’-GCT GCC TCC CGT AGG AGT-3’, Cy3-labeled; Amann et al., 1990), the
Alphaproteobacteria-specific probe ALF1b (5’-CGT TCG YTC TGA GCC AG-3’, 6-FAM-
labeled; Manz et al., 1992) and the specifically designed ones (Tab. 2.3).
Specific probe design
In order to verify that the sequenced bacterial SSU rRNA gene amplicons derived from
the endosymbionts, specific probes were designed (Tab. 2.3). Melting temperature (Tm)
was determined by Eurofins GmbH (Ebersberg, Germany) that synthetized the probes.
FISH experiments using one of the specific probes in combination with the almost universal
bacterial probe EUB338 (either fluorescein- or Cy3-labelled; Amann et al., 1990) or the
Alphaproteobacteria-specific probe ALF1b (6-FAM-labelled; Manz et al., 1992) were performed.
The newly designed probes were tested at different formamide concentrations ranging from
0% up to 50%; their specificity was in silico determined using the TestProbe tool 3.0 (SILVA
rRNA database project; Quast et al., 2013) and the probe match tool of the Ribosomal
Database Project (RDP; Cole et al., 2009) allowing 0, 1 or 2 mismatches (Tab. 2.4). Finally,
they have been uploaded to ProbeBase (Loy et al., 2007).
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Table 2.4.: In silico matching of the specific probes Fokinia_434, Fokinia_1250, FokSol_198,
FokCry_198, Bealeia_1245, and Jurandia_189 against bacterial SSU rRNA gene se-
quences available from RDP (release 11, update 4) and SILVA (release 123) databases.
Number of sequences in the corresponding database was 3,333,501 (RDP) or 1,756,783
(SILVA). “mism” stands for “mismatch(es)”. Reported are the number of sequences (“hits”)
which theoretically hybridize with the probe allowing for the given number of mismatches.
Probe FokSol_198 was published as Fokinia_198 in Szokoli et al. (2016b).
Specific probe RDP SILVA
0 mism 1 mism 2 mism 0 mism 1 mism 2 mism
Fokinia_434 0 hits 84 hits 1,540 hits 0 hits 18 hits 437 hits
Fokinia_1250 0 hits 0 hits 13 hits 0 hits 0 hits 4 hits
FokSol_198 0 hits 0hits 7 hits 0 hits 0 hits 0 hits
FokCry_198 0 hits 0 hits 16 hits 0 hits 0 hits 2 hits
Bealeia_1245 0 hits 179 hits 321 hits 0 hits 38 hits 62 hits
Jurandia_189 30 hits 34 hits 689 hits 7 hits 10 hits 15 hits
Phylogenetic analyses
Phylogenetic analyses were performed with the ARB software package version 5.2 (Ludwig
et al., 2004). The prokaryotic SSU rRNA gene sequences of “Ca. Bealeia paramacronuclearis”
and “Ca. Jurandia parameciophila” were aligned with 18 sequences of RAM clade (six se-
quences of each family, Rickettsiaceae, Anaplasmataceae, and “Ca. Midichloriaceae”), and 68
sequences of “basal Rickettsiales” (20 sequences belonging to Holospora and related organisms,
15 sequences of Caedibacter -like organisms, 25 representative sequences of “Candidatus Para-
caedibacteraceae”, and eight sequences associated with “Candidatus Hepatincola”). Seven
representatives of other Alphaproteobacteria orders were chosen as outgroup (dataset 1). The
obtained bacterial SSU rRNA gene sequences of “Ca. Fokinia solitaria” and “Ca. Fokinia
cryptica” were aligned with the automatic aligner of the ARB software package version 5.2
(Ludwig et al., 2004) together with 22 closely related sequences of the “Ca. Midichloriaceae”
family, and nine members of the Anaplasmataceae representing the outgroup (dataset 2).
For phylogenetic inference, alignment of both datasets was performed with the automatic
aligner of the ARB software and further refined manually, to optimize stems and loops
according to the predicted secondary structure of the prokaryotic SSU rRNA of E. coli. The
alignments were trimmed at both ends to the shortest shared sequence, and gaps were treated
as missing data. Additionally, for dataset 1, hypervariable nucleotide positions (i.e. positions
in which the most represented nucleotide was present in less than 20% of the organisms) were
excised. The optimal substitution model for each alignment was selected with jModelTest
2.1 (Darriba et al., 2012) using the Akaike Information Criterion (AIC). Maximum likelihood
(ML) trees were calculated with 1,000 bootstrap pseudoreplicates using the PhyML software
(Guindon and Gascuel, 2003) version 2.4.5 from the ARB package. Bayesian inference (BI)
was performed with MrBayes 3.2 (Ronquist et al., 2012), using three runs each, with one cold
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and three heated Markov chain Monte Carlo runs, iterated for at least 1,000,000 generations.
Sampling was performed every 500 generations with a burn-in of 25%. The recommendations
of the MrBayes manual were followed to evaluate that convergence was reached.
Transmission Electron Microscopy (TEM)
Ciliates were processed for electron microscopy as described in Boscaro et al. (2013d). Briefly,
the cells were fixed in a mixture of 1.6% PFA and 2.5% glutaraldehyde in 0.1M phosphate
buffer (pH 7.2–7.4) for 1.5 h at room temperature, washed in the same buffer containing
sucrose (12.5%), and postfixed in 1.6% OsOT4 (1 h at 4 ◦C). Then the cells were dehydrated
in an ethanol gradient followed by ethanol/acetone (1:1), 100% acetone, and embedded in
Epoxy embedding medium (Fluka Chemie AG, St. Gallen, Switzerland). The resin was
polymerized according to the manufacturer’s protocol. The blocks were sectioned with a
Leica EM UC6 Ultracut. Sections were stained with aqueous 1% uranyl acetate followed by
1% lead citrate.
Negative staining was performed for “Ca. Fokinia solitaria” by first washing and starving
Paramecium cells overnight in distilled water to decrease the abundance of food and envi-
ronmental bacteria. Single cells were then squashed with a micropipette and the remainings
were transferred onto grids covered with the supporting film. Staining was performed using
aqueous 1% uranyl acetate. All samples were examined with a JEOL JEM-1400 (JEOL,
Ltd., Tokyo, Japan) electron microscope at 90 kV. The images were obtained with an inbuilt
digital camera.
2.2.3. Results
Characterization of the hosts
General morphological features of the isolates US_Bl 11III1, US_Bl 12I1 and US_Bl 15I1—
including body size and shape, number and shape of micronuclei, and location of the cyto-
proct—were typical for representatives of the Paramecium aurelia complex. Nearly full-length
eukaryotic SSU rRNA gene sequences of all isolates were identical (1711 bp), whereas ITS
regions including 5.8S and a part of the LSU rRNA gene showed one nucleotide difference,
located in the partial 28S rRNA gene sequence of US_Bl 11III1 in respect to the other two
sequences. The joined sequences of eukaryotic SSU, ITS, and partial LSU for each of the
three isolates were submitted to NCBI GenBank (2800 bp, accession numbers: KU729876,
KX712111 and KU729877, respectively). Eukaryotic SSU rRNA gene and ITS sequences
supported the isolates belonging to Paramecium aurelia group. Sequence identity with respect
to other published ITS sequences of the P. aurelia complex ranged between 98 and 100% and
dropped to 94−95% for Paramecium caudatum and Paramecium multimicronucleatum.
Generally, COI gene sequences show a higher resolution power than eukaryotic SSU rRNA
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gene and ITS regions. Thus, partial COI genes of the three isolates were sequenced (760 bp).
No differences between the three sequences were observed (accession numbers: KX008305,
KX712112 and KX008306). Their sequence identity to P. biaurelia sequences ranged from
99−100%, whereas identity to other members of the P. aurelia complex dropped to 80−85%.
Therefore, based on COI gene sequences and in accordance with morphological features, I
identified the isolates US_Bl 11III1, US_Bl 12I1 and US_Bl 15I1 as P. biaurelia.
The Paramecium strains Rio ETE_ALG 3VII, 3IX, 3X and 3XI isolated from the wastew-
ater samples were submitted to morphological analyses. General morphological features like
size, body shape and location of the cytoproct were typical for the Paramecium caudatum-
aurelia clade. Especially considering molecular data, species identification proved to be
equivocal, suggesting the possibility that I was dealing with a new species (see Chapter 2.1.3
and 2.1.4).
Molecular characterization of endosymbionts
“Candidatus Bealeia paramacronuclearis”
The endosymbiont inhabiting both, isolate US_Bl 11III1 and US_Bl 15I1, represents a
new bacterial species and genus. Thus, it was designated as “Candidatus Bealeia para-
macronuclearis”. Bacterial SSU rRNA gene sequences obtained from P. biaurelia US_Bl
11III1 and US_Bl 15I1 were identical through their entire length (1445 bp, accession numbers:
KU736844 and KU736845). The specific probe Bealeia_1245 (Tab. 2.3) hybridized with its
target organism in formamide from 0−25% (v/v) (Fig. 2.5), the signal intensity being higher
between 0−10% (v/v) formamide. In the in silico tests, probe specificity was highest for zero
mismatches, but 179 non-target sequences were recognized when one mismatch was allowed
(Tab. 2.4). Comparing the obtained nearly full-length sequences with those available from
NCBI GenBank, the highest sequence identity (97.1%) was observed with uncultured envi-
ronmental bacteria retrieved from marine or extreme habitats (e.g. acid mine drainage site),
and from a wastewater treatment plant (accession numbers: HQ420145, KJ782860, JN671986,
DQ988310). Sequences of already described bacterial endosymbionts showing the highest
identity to “Ca. Bealeia paramacronuclearis” (range 88−89%) were Caedibacter caryophilus
(accession number: NR_044847) from the macronucleus of Paramecium caudatum (Springer
et al., 1993) and “Candidatus Nucleicultrix amoebiphila” (accession number: KF697195)
infecting the nucleus of an amoebae (Schulz et al., 2014).
“Candidatus Fokinia solitaria” and “Candidatus Fokinia cryptica”
Nearly full-length bacterial SSU rRNA gene sequences were obtained for the three strains Rio
ETE_ALG 3VII, 3IX and 3X. The sequences were identical, hence, isolate Rio ETE_ALG
3VII was used representatively for all three strains (Rio ETE_ALG 3VII: 1.473 bp, GenBank
accession: KM497527). NCBI Blastn results against nucleotide collection (nr/nt) showed the
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Figure 2.5.: Species-specific in situ detection of “Candidatus Bealeia paramacronucle-
aris” and “Candidatus Fokinia cryptica” (from Szokoli et al., 2016a). (A)
green fluorescence signal from probe Bealeia_1245 specific for “Candidatus Bealeia
paramacronuclearis”, (B) red fluorescence from probe FokCry_198 specific for “Candi-
datus Fokinia cryptica” in Paramecium biaurelia isolate US_Bl 11III1; (C) shows the
DAPI signal from the macronucleus. Hybridization was performed with 0% formamide.
Merge of the Bealeia_1245, FokCry_198 and DAPI signals (D) indicates the relative
positioning of both endosymbionts respect to each other and within the host cell. Scale
bar: 10 µm.
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highest identity (88.5% and 87.0%, respectively) with an uncultured bacterium from a lake
in New York (accession number: FJ437943) and “Ca. Defluviella procrastinata”, symbiont of
Paramecium nephridiatum. Thus, this bacterium represents another novel species which was
named “Candidatus Fokinia solitaria” (Szokoli et al., 2016b). The second bacterial SSU rRNA
gene sequence deriving from isolate US_Bl 11III1 (1454 bp, accession number: KU736846)
was found to be closely related to “Ca. Fokinia solitaria”, sharing 97.7% sequence identity.
It represents the second species of the genus “Ca. Fokinia”, receiving the name “Candidatus
Fokinia cryptica”. It is noteworthy that, compared to the other “Ca. Midichloriaceae” included
in the analysis, the SSU rRNA gene sequences of “Ca. Fokinia” spp., and “Ca. Defluviella
procrastinata” had four small insertions (2–13 nucleotides long) at the same positions (76, 94,
200, 216, according to the E. coli SSU rRNA gene reference numbering). These insertions
were linked pairwise in the predicted rRNA structure, increasing the length of two stems
in regions V1 and V2 respectively. Other two small insertions (4 and 5 nucleotides long, at
positions 452 and 476, respectively) were present in “Ca. Fokinia” only, which were predicted
to increase the length of a third stem in region V3 of the rRNA molecule.
In FISH experiments with the Brazilian strains, positive signals with both probes (EUB338
and Alf1b) were observed in the cytoplasm of all Paramecium strains. Overlapping signals of
both probes indicated the presence of endosymbiotic bacteria belonging to Alphaproteobacteria
in the cell cortex. Bacteria localized in digestive vacuoles (food bacteria) showed positive
signals only with probe EUB338. The probes FokSol_198 (published as Fokinia_198 in
Szokoli et al., 2016b), Fokinia_434, and Fokinia_1250 (Tab. 2.3) were specifically designed to
have a similar and low Tm that should have guaranteed good specificity without formamide or
with low formamide concentrations. Hybridization experiments with their target organism in
a formamide range from 0 to 30%, confirmed the signal intensity was best between 0−15%
formamide (Fig. 2.6). Specificity of probes was tested in silico against available bacterial
SSU rRNA gene sequences (Tab. 2.4). The probes FokSol_198 and Fokinia_1250 showed
high specificity even when mismatches were allowed. Probe Fokinia_434, on the other hand,
recognized 84 non-target sequences when one mismatch was allowed (Tab. 2.4). Experiments
with one specific probe and either EUB338 or Alf1b clearly showed that “Ca. Fokinia solitaria”
is the only symbiont residing in the cytoplasm (outside the food-vacuoles) of these host strains
(Fig. 2.6).
Given the “Ca. Fokinia cryptica” sequence, the two published probes Fokinia_434 and
Fokinia_1250 (Szokoli et al., 2016b) turned out to be specific for the “Ca. Fokinia” genus. In
FISH experiments with strain US_Bl 11III1, using one of these probes in combination with
EUB338, a positive and overlapping signal was obtained for a subset of the endosymbiotic
bacteria, whereas others (endosymbionts, and food bacteria inside food vacuoles) were targeted
only by EUB338. Similar experiments, in which genus-specific “Ca. Fokinia” probes were used
in combination with Bealeia_1245 probe, showed that the “Ca. Fokinia” and “Ca. Bealeia”
probes targeted different symbionts within the same host cell without any overlap (Fig. 2.5).
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The previously published probe Fokinia_198 turned out to be specific for the previously
published “Ca. Fokinia solitaria” species and has been consequently renamed FokSol_198;
this expectation was confirmed by negative FISH results using probe FokSol_198 against
isolate US_Bl 11III1 bearing “Ca. Fokinia cryptica” (data not shown). The species-specific
probe FokCry_198, targeting the same region, was designed for “Ca. Fokinia cryptica” and
validated to have a high specificity (Tab. 2.3). Its optimal performance is at 0−30% (v/v)
formamide, but gives a signal up to 50% formamide. It does not hybridize to “Ca. Fokinia
solitaria” at any stringency (data not shown).
Figure 2.6.: Species-specific in situ detection of “Candidatus Fokinia solitaria” in
Paramecium sp. strain Rio ETE_ALG 3VII (from Szokoli et al., 2016b).
Merge of the signals from probes EUB338 (fluorescein-labelled, green signal) and A)
species-specific probe Fokinia_434 (Cy3-labelled, red signal), B) alphaproteobacterial
probe ALF1b (Cy3), C) species-specific probe FokSol_198 (labelled with Alexa488,
green signal), or D) species-specific probe Fokinia_1250 (Cy3). All signals were ob-
tained through hybridization with 15% formamide concentration. Stratification of the
endosymbiont in section through the host cortex (A, C) and through the inner part of
the host cell (B, D). “Ca. Fokinia solitaria” appears yellowish. Scale bars: 10 µm.
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“Candidatus Jurandia parameciophila”
The symbiotic SSU rRNA gene sequence of isolate US_Bl 12I1 (1284 bp, accession num-
ber: KX702973) was closely related to a bunch of environmental sequences obtained from
metagenomic studies (e.g. KM410722, DQ336985, HE797838) showing a maximal sequence
identity of 98% in NCBI Blast. Based on the obtained sequence, the specific probe Jur_198
(Tab. 2.3) was designed and then synthesized by Eurofins Genomics GmbH (Ebersberg, Ger-
many). The probe was tested in FISH experiments in combination with EUB338 at different
formamide concentrations (0% up to 50%) for its binding ability. It worked out in a narrow
range between 0 and 10% formamide (Fig. 2.7). In silico probe specificity (Tab. 2.4) was
determined using the TestProbe tool 3.0 of the SILVA rRNA database project (Quast et al.,
2013) and the probe match tool of the Ribosomal Database Project (RDP; Cole et al., 2009).
With 0 mismatches, the probe bound to 30 sequences of unclassified Alphaproteobacteria (in
RDP). Allowing 1 mismatch, the number of target sequences increased only to 34, but to
689 target sequences with two mismatches, suggesting the probe to be specific for a group
(e.g. a genus) of largely underestimated organisms of which our symbiont would be the first
described member. The number of matching sequences usually was lower for SILVA database.
Phylogenetic analyses
In my phylogenetic analyses (Fig. 2.8 and 2.9) “Candidatus Bealeia paramacronuclearis” was
always associated with the previously mentioned uncultured bacterial sequences, forming a
genus level “Ca. Bealeia” clade (99.8% bootstrap support for ML and posterior probability
of 1.00 for BI). All obtained tree topologies supported an association of “Ca. Bealeia”
to the genera Holospora, “Ca. Gortzia”, “Ca. Paraholospora”, “Ca. Hepatobacter”, and
to several sequences from uncultured organisms in a rather well supported clade (62.3%
bootstrap for ML and posterior probability of 1.00 for BI), for which I propose a family
level status and the name Holosporaceae. Another family level clade (from here on called
the Caedibacter -Nucleicultrix clade), containing endosymbiont species such as Caedibacter
caryophilus and “Ca. Nucleicultrix”, has sufficient support (79.8% for ML and 0.81 for
BI) and branched as a sister group to Holosporaceae. The recently introduced family “Ca.
Paracaedibacteraceae” by Hess et al. (2016) was confirmed by my analyses. “Ca. Jurandia
parameciophila” clustered inside this family together with five environmental sequences with
high support values (96.5% bootstrap support for ML and posterior probability of 1.00
for BI), and a sixth one with less support (72.0 for ML and 1.00 for BI). The clade was
found to be strongly associated to branches including “Ca. Finniella” (Hess et al., 2016)
and “Ca. Captivus” (Baker et al., 2003; 97.0 for ML and 1.00 for BI) forming a sister
clade to “Ca. Paracaedibacter” (Horn et al., 1999) and “Ca. Odyssella” (Birtles et al.,
2000). However, a small group of sequences from uncultured organisms (EF520427, FJ466401,
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Figure 2.7.: Species-specific in situ detection of “Candidatus Jurandia parameciophila”
in Paramecium biaurelia strain US_Bl 12I1 at 0% formamide concentration.
Green fluorescence signal was obtained from probe EUB_338 (A) staining food bacteria
inside food vacuoles and red signal was emitted from probe Jurandia_189 (B). DAPI
(C) indicates the position of the macronucleus. “Ca. Jurandia paramacronuclearis”
appears yellowish in the overlay (D). Scale bars: 10µm.
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JN609326 and AY328720) unstably associated with “Ca. Paracaedibacteraceae” (Fig. 2.8
and 2.9), but their positioning could not be unambiguously resolved (i.e. association has low
support, and in BI analysis, Fig. 2.8, sequence AY328720 branches independently from “Ca.
Paracaedibacteraceae”). A well-supported clade (99.6 for ML and 1.00 for BI) of putative
fast evolving bacterial sequences associated to different metazoan organisms including “Ca.
Hepatincola porcellionum” could additionally be retrieved. Phylogenetic positioning of this
clade was unstable: being sister to all other previously mentioned clades (Holosporaceae,
Caedibacter - Nucleicultrix clade, “Ca. Paracaedibacteraceae”) in ML (Fig. 2.9); or sister to
only the Holosporaceae and Caedibacter -Nucleicultrix clades in BI trees (Fig. 2.8). I also
propose a family level status for this clade, with the name “Candidatus Hepatincolaceae”,
referring to the first described endosymbiont of this clade, “Ca. Hepatincola porcellionum”
(Wang et al., 2004). My tree topologies showed a separation of “traditional” Rickettsiales
into two major groups: I) Rickettsiaceae, Anaplasmataceae and “Ca. Midichloriaceae” (RAM
clade) (reported in Fig. 2.8 and 2.9 as Rickettsiales); and II) Holosporaceae, Caedibacter -
Nucleicultrix clade, “Ca. Paracaedibacteraceae”, and “Ca. Hepaticolaceae” (reported in Fig.
2.8 and 2.9 as Holosporales).
The prokaryotic SSU rRNA gene sequence identities within the RAM clade on one side,
and within the clade including Holosporaceae, Caedibacter -Nuclei-cultrix clade, “Ca. Para-
caedibacteraceae” and “Ca. Hepaticolaceae” on the other side, were compared with the order
values retrieved by Yarza et al. (2014): the identities are on average higher than the threshold
(threshold: 82.0%; order identity values: 86.3% and 85.7%, respectively), although in both
groups some values which were always associated with fast evolving organisms, were found
below the threshold. Conversely, the average identity between the groups was comparatively
lower (82.8%) (Supplementary Table 1 of Szokoli et al., 2016a, and as digital version together
with the thesis on CD).
The phylogenetic position of “Ca. Fokinia solitaria” and “Ca. Fokinia cryptica” is clearly
located inside the “Ca. Midichloriaceae” family (Rickettsiales, Alphaproteobacteria). Both
sequences are associated to each other with high support values of both inference methods
(100% for ML and 1.00 for BI, Fig. 2.10), and clustered with “Ca. Defluviella procrasti-
nata”, colonizing P. nephridiatum (HE978247), and environmental sequences (FJ437943 and
KF596537) (see also Fig. 2 in Szokoli et al., 2016b). The lengths of the peripheral branches
associated to these sequences, and including also others such as Lyticum, were large com-
pared to those of the other “Ca. Midichloriaceae” in the obtained phylogenetic tree. Several
sequences within the “Ca. Midichloriaceae” formed well-supported monophyletic clades, like
the genera “Ca. Midichloria” and “Ca. Lariskella”. However, most of the ancient relationships
within this family showed comparatively little support and appeared still unresolved, which
is in good agreement with literature (e.g. Boscaro et al., 2013d,c). Only the position of
“Ca. Cyrtobacter” as sister group to all other “Ca. Midichloriaceae” was obtained with high
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Ultrastructural observations
The “Ca. Fokinia solitaria” cells inside Paramecium sp. Rio ETE_ALG 3VII were located in
the host cortex, stratified in a narrow layer in between the trichocysts or just below them (Fig.
2.11A, B). Most often, they were oriented parallel to the trichocysts axis and perpendicular to
the plasma membrane. In ultrathin sections, endosymbionts appeared as tiny rods, 1.20 µm
long and 0.25−0.35 µm wide. They showed a distinct double membrane characteristic of
Gram-negative bacteria (Fig. 2.11C). The bacteria never formed clusters and lay naked in
the host cytoplasm. Occasionally, dividing forms could be found. No flagella were detected.
However, in cross sections bacteria were surrounded by a narrow rim lacking host ribosomes
and containing fine fibrils, while in some longitudinal sections, there seemed to be a “tail” of
the same material trailing after the endosymbiont (Fig. 2.11C, white arrowhead). However,
negative staining demonstrated the absence of flagella (Fig. 2.12). Bacterial ribosomes
and nucleoid were quite conspicuous in the bacterial cytoplasm, but other inclusions were
rarely observed. The cytoplasm of the infected ciliates was abundant in autolysosomes, most
often containing mitochondria; the endosymbionts could be also quite frequently enclosed in
autolysosomes (Fig. 2.11D, white arrowhead), sometimes together with mitochondria (not
shown).
In electron micrographs of P. biaurelia isolate US_Bl 15I1, only one kind of symbiotic
bacteria was observed in the cytoplasm. Symbionts had the two typical membranes of Gram-
negative bacteria, reached 1.80−2.40 x 0.40−0.50 µm in size, and were devoid of flagella. The
endosymbionts had an electron-dense cytoplasm (Fig. 2.13A) with conspicuous ribosomes
and nucleoid. No host membrane enclosing these bacteria was observed, but they were always
surrounded by an electron-lucid halo lacking host ribosomes. These endosymbionts often
formed clusters of up to 7–8 cells, with parallel orientation (Fig. 2.13A, B). The bacteria
tend to locate close to the Paramecium macronucleus and could sometimes be found in deep
folds of the nuclear envelope, which nevertheless remained intact (Fig. 2.5; 2.13C, D), hence
the proposed species name “Ca. Bealeia paramacronuclearis”.
In electron micrographs of isolate US_Bl 11III1, some bacteria showed an identical mor-
phology and cytoplasmic distribution and were attributed to the species “Ca. Bealeia para-
macronuclearis”. In this host, a second type of bacteria, with electron lucid cytoplasm, was
evident. These cells (size 1.10 x 0.35−0.40 µm) were never found in clusters, were enclosed
in a symbiontophorous vacuole (Fig. 2.14A), and resembled “Ca. Fokina solitaria” (Fig.
2.11) characterized from Paramecium sp. Rio ETE_ALG 3VII. They tend to locate in the
trichocyst layer (Fig. 2.14), which was also seen in FISH observations, but could occasionally
be observed in other regions of the cytoplasm. Host lysosomes were often seen near “Ca.
Bealeia paramacronuclearis”, located in the endoplasm (Fig. 2.14). In the isolate US_Bl
11III1, digestive vacuoles looked highly unusual, forming evaginations containing bacteria, sup-
posedly “Ca. Bealeia paramacronuclearis”. These evaginations were seen to bud off, producing
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Figure 2.11.: Transmission electron microscopy images of “Candidatus Fokinia solitaria”
in longitudinal (A, C) and transverse (B, D) sections (from Szokoli et al.,
2016b). Black arrows point at the bacterial membranes; white arrowheads indicate
fibrillar material associated to the endosymbiont (C) and host autolysosome containing
the endosymbiont (D). mt–mitochondrium and tric–trichocyst. Scale bars: 0.5µm (A)
and 0.2µm (B, C, D).
vesicles enclosing the bacteria. Nothing of the kind is normally observed in TEM sections of
endosymbiont-free paramecia fed with Raoultella, or in the other isolate. Interestingly, “Ca.
Bealeia paramacronuclearis” encircled by a host membrane could be found only in the vicinity
of food vacuoles, suggesting that the host membrane was later disrupted and the symbionts
escaped into the cytoplasm (Fig. 2.14C, D).
The symbiont “Ca. Jurandia parameciophila” of strain US_Bl 12I1 showed the typical
membrane organization of Gram-negative bacteria. They reached 1.50−2.00 µm in length and
0.35−0.38 µm in diameter (Fig. 2.15), and were evenly distributed inside the host cytoplasm
(Fig. 2.7 and 2.15). Neither flagella nor a host-derived membrane surrounding the bacteria
were observed. I also did not register any inclusions or virus-like particles in the bacterial
cytoplasm (Fig. 2.15).
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Figure 2.12.: Negative staining of “Candidatus Fokinia solitaria” (from Szokoli et al.,
2016b). No flagella are visible. Scale bar: 0.2µm.
Figure 2.13.: Transmission electron microscopic images of “Ca. Bealeia paramacronu-
clearis” as observed for Paramecium biaurelia isolates US_Bl 11III1 and
15I1 (from Szokoli et al., 2016a). The symbiotic bacteria are oriented parallel,
in groups (A, B, C) and were often found associated with the macronucleus (C, D),
sometimes even lying in its folds (D)–nuclear envelope indicated by white arrow heads.
Scale bars: 0.5 µm (A, B, C) and 1.0µm (D).
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Figure 2.14.: Transmission electron microscopic images of Paramecium biaurelia isolate
US_Bl 11III1 (from Szokoli et al., 2016a). In this isolate the secondary symbiont
“Ca. Fokinia cryptica”, indicated by black arrows (A), was observed in co-occurrence
with “Ca. Bealeia paramacronuclearis”. “Ca. Bealeia paramacronuclearis” was fre-
quently surrounded by host lysosomes (B, white asterisks). Parts of the host’s digestive
vacuole (FV–food vacuole) containing bacteria morphologically similar to “Ca. Bealeia
paramacronuclearis” were seen to bud off, producing vesicles enclosing them (C, D).
Scale bars: 0.5 µm (A, B, D) and 1.0µm (C).
Figure 2.15.: Transmission electron microscopic images of Paramecium biaurelia isolate
US_Bl 12I1. “Ca. Jurandia parameciophila” in transverse (A) and longitudinal (B)
section. White arrows indicate the position of the bacterial cell respect to other cell
organells like the mitochondria (mt) and trichocysts (tric). Scale bars: 0.5µm.
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2.2.4. Discussion
Disentangling the inner phylogenetic relationships of Rickettsiales
The phylogenetic relationships inside the order Rickettsiales are at present much debated
(Georgiades et al., 2011; Boscaro et al., 2013b; Ferla et al., 2013; Wang and Wu, 2015;
Schulz et al., 2016; Hess et al., 2016). The families Rickettsiaceae, Anaplasmataceae, and
“Ca. Midichloriaceae” (RAM clade) represent highly supported monophyletic clades (e.g. Lo
et al., 2006; Sassera et al., 2006; Epis et al., 2008; Vannini et al., 2010; Driscoll et al., 2013;
Boscaro et al., 2013c,d; Schulz et al., 2016; Szokoli et al., 2016b). Tree topologies based on
bacterial SSU rRNA gene sequences—except one (Matsuura et al., 2012)—usually associate
“Ca. Midichloriaceae” to Anaplasmataceae (Lo et al., 2006; Sassera et al., 2006; Epis et al.,
2008; Vannini et al., 2010; Boscaro et al., 2013d,c; Driscoll et al., 2013; Schulz et al., 2016), and
are in accordance with the obtained tree topologies presented in this work (see also Szokoli
et al., 2016b). Two genome based studies (Sassera et al., 2011; Driscoll et al., 2013) showed a
closer relationship between “Ca. Midichloriaceae” and Rickettsiaceae. On the contrary, other
recent publications using different sets of species and genes placed “Ca. Midichloriaceae” as
sister to Anaplasmataceae, although with limited support, in agreement with most SSU rRNA
trees (Wang and Wu, 2015; Schulz et al., 2016).
The phylogenetic analyses of the novel species “Ca. Fokinia solitaria” and “Ca. Fokinia
cryptica” indicated a close association to two different sequences forming a highly supported
(99.9% ML; 1.00 BI) monophyletic branch (see also Fig. 2 in Szokoli et al., 2016b). One of the
sequences derives from an uncultured bacterium of a freshwater lake in New York (unpublished;
accession number: FJ437943), the other one belongs to “Ca. Defluviella procrastinata”, an
endosymbiotic bacterium inhabiting P. nephridiatum (Boscaro et al., 2013c). A third sequence
of an uncultured bacterium from the Gulf of Gdansk (accession number: KF596537) associated
to this group (Fig. 2.10), but was not part of the species selection for phylogenetic inference in
Szokoli et al., 2016b. The phylogenetic proximity of these sequences suggests that they might
have derived from a common ancestor. Additionally, the occurrence of similar insertions in
the SSU rRNA genes of “Ca. Fokinia” and “Ca. Defluviella procrastinata”, supports this
presumption and suggests that this feature could be a shared derived character of the two
genera. The sequences FJ437943 and KF596537 do not share any of the insertions, and
therefore seem to retain the ancient condition. Nevertheless, as the identity values among
these sequences are far below the taxonomic threshold for discriminating bacterial genera
(sequence similarity of 94.5% or lower, according to Yarza et al., 2014), these sequences
belong to different genera. Taking into account their low sequence identities and long terminal
branches in the phylogenetic analysis, these species appear to be fast evolving. However, with
the currently available data of sequences belonging to “Ca. Midichloriaceae” deposited at
public databases, it is not yet possible to exclude potential effects obtained by long branch
attraction. Future analyses based on novel species descriptions as well as genomic and
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metagenomic data will provide a more detailed view on the relationships among species of
the “Ca. Midichloriaceae” family.
Up to now, some representatives of “Ca. Midichloriaceae”, such as genera “Ca. Midichloria”,
“Ca. Lariskella” and “Ca. Bandiella”, have been observed in a great variety of host species and
with a worldwide distribution (Epis et al., 2008; Venzal et al., 2008; Dergousoff and Chilton,
2011; Harrus et al., 2011; Subramanian et al., 2012; Williams-Newkirk et al., 2012; Ahantarig
et al., 2013; Liu et al., 2013; Senra et al., 2016). Such host species occur both in aquatic
and terrestrial habitats. Most likely, the ancestral host species was an aquatic organism
indicating at least one event of adaptation to terrestrial animals (Kang et al., 2014). Due to
the unresolved phylogenetic relationships between the genera of “Ca. Midichloriaceae” it is
not clear, when and how many times the adaptation to terrestrial animals took place (compare
Fig. 2.10 of this work with Fig. 4 of Kang et al., 2014. Nevertheless, infection experiments on
“Candidatus Jidaibacter acanthamoeba” and “Candidatus Bandiella woodruffii” proved the
possibility of horizontal transfer among aquatic organisms (Schulz et al., 2016; Senra et al.,
2016). In contrast to these genera, others seem to be represented by few isolates appearing as
“stand-alone” branches in the phylogeny of “Ca. Midichloriaceae”, not only as “Ca. Fokinia”,
but also the recently redescribed genus Lyticum (Sonneborn, 1959; Preer et al., 1974; Preer
and Preer, 1982; Boscaro et al., 2013d) as well as “Ca. Defluviella” (Boscaro et al., 2013c),
“Ca. Anadelfobacter” (Vannini et al., 2010) and “Ca. Cyrtobacter” (Vannini et al., 2010;
Boscaro et al., 2013c). Presently noted “stand-alone” genera of “Ca. Midichloriaceae” could
be either an indication of poorly sampled organisms, thus under-represented in GenBank, or
fast evolving, highly specialized, real “stand-alone” evolutionary lineages.
Overall, the family “Ca. Midichloriaceae” seems to consist of different clades with members
showing different evolutionary strategies: widespread and adaptable endosymbiotic bacteria
(“Ca. Midichloria”, “Ca. Lariskella”, and “Ca. Bandiella”) on the one hand, and fast evolving
“stand-alone” symbionts, such as Lyticum, “Ca. Defluviella”, “Ca. Anadelfobacter” and “Ca.
Fokinia”, on the other hand. To refer to the characteristic of “Ca. Fokinia”, represented by
an isolated branch, and in accordance with the guidelines of the International Committee
of Systematic Bacteriology (Stackebrandt et al., 2002), I proposed the name “Ca. Fokinia
solitaria” for the first described member of the genus, and in honor to my appreciated colleague
Professor Sergei I. Fokin, a prominent specialist in the study of bacterial symbionts of ciliates
(Szokoli et al., 2016b). The other representative, “Ca. Fokinia cryptica” was designated
according to the difficulties I had in molecularly characterizing this endosymbiont.
The fourth Rickettsiales family Holosporaceae (Görtz and Schmidt, 2005) formerly joined
all remaining species of Rickettsiales, such as Holospora (Amann et al., 1991), Caedibacter
caryophilus (Springer et al., 1993), “Ca. Paracaedibacter symbiosus” (Horn et al., 1999), “Ca.
Odyssella thessalonicensis” (Birtles et al., 2000), “Ca. Captivus acidiprotistae” (Baker et al.,
2003), “Ca. Hepatincola porcellionum” (Wang et al., 2004), “Ca. Paraholospora nucleivisitans”
(Eschbach et al., 2009), “Ca. Gortzia infectiva” (Boscaro et al., 2013b), “Ca. Hepatobacter
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penaei” (Nunan et al., 2013), and sequences of uncultured bacteria closely related to these
species. Recent analyses mainly based on alternative genetic markers (Georgiades et al., 2011;
Ferla et al., 2013; Wang and Wu, 2015; Schulz et al., 2016) provided a different and more
complex perspective in which Holosporaceae are not sister group of other Rickettsiales.
Boscaro et al. (2013b) suggested that the true family Holosporaceae (sensu stricto) consisted
solely of Holospora spp. and Holospora-like bacteria (HLB), such as “Ca. Gortzia infectiva”,
while other species should be placed inside Rickettsiales as incertae sedis. With the ongoing
accumulation of data, I assume that this Holosporaceae family definition is too strict. Indeed,
it would exclude all phylogenetically related species lacking the typical Holospora life cycle.
Although subfamily rank is seldomly used nowadays in bacterial taxonomy, I suggested
establishment of the subfamily Holosporoidea, to include Holospora spp. and Holospora-
like bacteria with the typical features mentioned above; Holosporoidea sensu Szokoli et al.
(2016a) would correspond to Holosporaceae sensu Boscaro et al. (2013b). Consequently,
applying a phylogenetic approach, I proposed to also include in the family Holosporaceae: “Ca.
Paraholospora nucleivisitans”, “Ca. Hepatobacter penaei”,“Ca. Bealeia paramacronuclearis”,
and related sequences of uncultured organisms (Szokoli et al., 2016a).
A sister clade to Holosporaceae, comprising Caedibacter caryophilus, “Ca. Nucleicultrix”,
and further environmental sequences, emerged in my analyses. This clade has been already
retrieved in previous studies (Hess et al., 2016; Schulz et al., 2016) and its formal description,
which is rather complex due to taxonomic issues, is ongoing (M. Schrallhammer, pers. comm.).
The family “Ca. Paracaedibacteraceae” has recently been proposed, joining endosymbiotic
bacteria such as “Ca. Paracaedibacter symbiosus”, “Ca. Odyssella thessalonicensis”, “Ca.
Captivus acidiprotistae”, the novel genus “Ca. Finniella”, and other environmental sequences
(Hess et al., 2016). My analyses confirmed the family level of this clade, and broadened it by
adding the novel species “Ca. Jurandia parameciophila” (Szokoli et al., 2016c).
Depending on the phylogenetic method, the well-supported clade “Ca. Hepatincolaceae”—
represented by bacteria associated to Ecdysozoa hosts—is placed at different positions in
my analyses: either as sister to the Holosporaceae and Caedibacter -Nucleicultrix clade (Fig.
2.8, BI), or as sister to the Holosporaceae-Caedibacter -Nucleicultrix -Paracedibacteraceae-clade
(Fig. 2.9, ML). The rRNA gene sequences of “Ca. Hepatincolaceae” seem to be fast evolving,
thus a precise placement within the groups will require further analyses including a larger
data set of SSU rRNA gene sequences and genomic data.
My phylogenies show a separation of the traditional Rickettsiales into two major groups,
both representing at the order level: one containing Rickettsiaceae, Anaplasmataceae, and
“Ca. Midichloriaceae” (RAM clade), and one consisting of “basal Rickettsiales”. Among the
sequences included in my analysis several display fast evolutionary rates, especially those
derived from environmental origin. They were included in order to get a comprehensive
and representative selection of “basal Rickettsiales” and its subclades. As a probable and
unfortunate consequence, the presence of such fast-evolving sequences can also produce
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instabilities in the phylogenetic reconstruction, and is likely causing relatively lower support
values of some branches in the ML tree (Fig. 2.8) compared to other previously published
studies (e.g. Boscaro et al., 2013b; Driscoll et al., 2013; Ferla et al., 2013; Wang and Wu,
2015; Hess et al., 2016).
The members of each major group display a wide range of identity values in their prokaryotic
SSU rRNA genes (Supplementary Table 1 of Szokoli et al., 2016a, and as digital version
together with the thesis on CD). Within each group the average identities are above the
threshold retrieved by Yarza et al. (2014) limiting orders, although some values were found
below this threshold. These unusual values contribute to the high variability present within
each group and can be attributed as well to the numerous SSU rRNA sequences with fast
evolutionary rates.
Taking into account what exposed above, I proposed to establish the order Holosporales ord.
nov. (according to Ferla et al., 2013), including the four family level clades: Holosporaceae;
Caedibacter -Nucleicultrix clade; “Ca. Paracaedibacteraceae” including associated sequences;
and “Ca. Hepatincolaceae” (Szokoli et al., 2016a). As previously anticipated, further anal-
yses will be needed to clarify both the internal relationships within Holosporales family (in
particular for what concerns “Ca. Hepatincolaceae”), and the relationship of Holosporales in
respect to the Rickettsiales sensu stricto herein defined and to all other Alphaproteobacteria in
general. Nevertheless, I emphasize that to my best knowledge the vast majority of published
studies (all except the study by Hess et al., 2016) agree among themselves and with my
analysis on the delineation of Holosporales as a monophyletic clade, therefore offering an
adequate support for their elevation at an order rank. Additionally, although the available
data on Holosporales (other than 16S rRNA gene sequences) are overall much scarcer than
on Rickettsiales sensu stricto, some quite well defined differences are already evident. From
an ecological point of view, the host range of described organisms appears to include with
much higher prevalence aquatic organisms (Nunan et al., 2013) and in particular protists
(e.g. Birtles et al., 2000; Baker et al., 2003; Görtz and Schmidt, 2005; Schulz et al., 2014,
2016; Hess et al., 2016). Also at a genomic level, the nine genomes currently available for
Holosporales on NCBI are overall significantly larger (1.1–2.85 Mb) than typical Rickettsiales
sensu stricto (mostly in the range 1–1.5 Mb; Gillespie et al., 2012). Rickettsiales sensu scricto
have been studied quite extensively for the mechanisms of interaction with the host, such as
secretion systems and effectors (Gillespie et al., 2010; Rikihisa and Lin, 2010; Sassera et al.,
2011; Gillespie et al., 2016). On the contrary, even in model organisms such as Holospora
and Caedibacter (Schrallhammer and Schweikert, 2009; Fujishima, 2009a), Holosporales are
still poorly investigated on this side. Hopefully, future studies providing additional data will
offer new insights on the features of Holosporales and the differences with Rickettsiales sensu
stricto.
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Endosymbiont’s morphology and ecology
All so far discovered “Ca. Midichloriaceae”-endosymbionts of ciliates are rod-shaped but differ
significantly in their size, “Ca. Fokinia” being one of the smallest representatives. There
are also remarkable differences in the intracellular localization of the endosymbionts. “Ca.
Fokinia solitaria” and “Ca. Cyrtobacter comes” (Vannini et al., 2010) are not surrounded
by a host membrane and lie naked in the host cytoplasm, whereas “Ca. Fokinia cryptica”,
both Lyticum species and “Ca. Anadelfobacter veles” reside in host vesicles (Vannini et al.,
2010; Boscaro et al., 2013d). Only “Ca. Fokinia solitaria” shows a defined distribution,
stratified in a narrow layer in the host cortex. Its sister species “Ca. Fokinia cryptica” was
not observed strictly in the cortex, but occasionally also in the host endoplasm. This area is
known to be devoid of acid phosphatase (AcPase) activity, indicating the absence of lysosomes
and autophagosomes (Fok and Allen, 1988; Kodama and Fujishima, 2010), which might be
beneficial for endosymbiont survival. The special localization of endosymbionts between
the host trichocysts could also be favourable for “Ca. Fokinia solitaria”, permitting it to
avoid the host defence mechanisms, especially because it is not surrounded by a protective
symbiont-containing vacuole. The occurrence of “Ca. Fokinia solitaria” in autolysosomes
in the inner parts of the cytoplasm seems to support this view. Autophagy is not only a
process of degrading macromolecules or organelles to provide nutrition during starvation
periods; it is also involved in other biological processes like development and differentiation,
cell death as well as immune system and protection against pathogens (Deretic and Levine,
2009; Duszenko et al., 2011; Wirawan et al., 2012). In mammalian cells, autophagy defends
the host cells against pathogenic microbes (xenophagy; Levine, 2005) like viruses (Talloczy
et al., 2006), bacteria (Gutierrez et al., 2004; Nakagawa et al., 2004; Birmingham et al., 2006)
and pathogenic protists (Andrade et al., 2006). Hence, the loss of “Ca. Fokinia solitaria” in
one of the sampled Paramecium strains may be the result of xenophagy and implies that
the endosymbiont is not necessary for the host species and is treated as a pathogen. On the
other hand, several pathogens were found to be able to avoid, subvert or even utilize the
hosts autophagic machinery for replication (Campoy and Colombo, 2009; Pareja et al., 2013)
and egress from the host cell (Friedrich et al., 2012).
TEM observation of “Ca. Fokinia solitaria” gave no evidence for the existence of flagella
(Fig. 2.12) but the occurrence of a narrow rim lacking host ribosomes and containing fine
fibrillar material was detected (Fig. 2.11 C) and a tail-like structure possibly made out of
fibrils has been found in some longitudinal sections. These observations and the distinct
distribution of “Ca. Fokinia solitaria” inside the host cell indicate the possibility that the
bacteria are able to move inside the host cytoplasm, probably by using host actin for their
movement (Goldberg, 2001; Heinzen, 2003; Fujishima, 2009a; Sabaneyeva et al., 2009).
Interestingly, the fine structure of “Ca. Fokinia cryptica” and the presence of the sym-
biontophorous vacuole resembled the descriptions of Gamma particles, later denominated
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Pseudocaedibacter minutus from Paramecium octaurelia (Görtz and Schmidt, 2005), first
described by Preer et al. (1974). However, in the latter case, the membrane surrounding the
endosymbiont was densely covered with ribosomes and the host demonstrated a strong killer
effect, which was not tested for cultures inhabiting “Ca. Fokinia”. All reference cell lines
bearing Pseudocaedibacter minutus are no longer available from culture collections, so this
issue will remain open.
On the contrary, “Ca. Bealeia paramacronuclearis” was often found in association with
the host macronucleus. It is intriguing to observe that most bacteria described within
Holosporaceae (sensu present work) show nuclear forms or at least nuclear associated forms.
Referring to the close association of the bacterium with the host’s macronucleus, I propose the
name “Ca. Bealeia paramacronuclearis” in accordance with the guidelines of the International
Committee of Systematic Bacteriology (Stackebrandt et al., 2002). Furthermore, I honor Prof.
Geoffrey Herbert Beale (11th June 1913–16th October 2009), a prominent British geneticist
who did seminal work on Paramecium and its symbionts. Electron micrographs of “Ca.
Bealeia paramacronuclearis” suggest the possibility that the bacterium is able to escape food
vacuoles by deforming the membrane and disassociating from the main food vacuole (see Fig.
2.14C, D). Later, the bacterium seems to escape from the host vacuole, since I never found it
enclosed by a membrane when situated in the cytoplasm. Unfortunately, no morphologically
distinguishable infectious forms were observed and preliminary infection experiments using
cell lysates, similar to those used for Holospora (modified from Magalon et al., 2010), have
failed so far (data not shown). Despite the absence of experimental evidence, the occurrence
of four sequences closely related to “Ca. Bealeia paramacronuclearis” in different types of
habitats (marine, wastewater and extreme habitats) suggests that this bacterium might be
horizontally transferred, as known for Holospora and “Ca. Gortzia infectiva” (Fujishima,
2009a; Boscaro et al., 2013b).
The microbial community of wastewater and activated sludge is highly diverse. Due
to the enriched abundance of organic matter, wastewater is a perfect milieu for growth
of non-pathogenic and pathogenic bacteria. The close association between many different
bacteria species increases the development and distribution of virulence and resistance factors
(for review see Varela and Manaia, 2013). After passing several steps of clarifying and
removing contaminants, the remaining sewage is released into the environment still containing
several pathogens (Dowd et al., 1998; Gerba and Smith, 2005; Varela and Manaia, 2013).
Therefore, ciliates play a necessary role in the purification of sewage by supporting the
flocculation process (Curds, 1963) and more importantly, as bacterivorous organisms they
regulate bacterial biomass and the occurrence of pathogenic bacteria (Curds and Fey, 1969;
Curds, 1982). During the process of feeding, they run the risk of being colonized by bacteria
(Fok and Allen, 1988; Görtz and Fokin, 2009). Thus, the probability of being infected by
potential human or animal pathogens is comparatively high in habitats bearing many different
bacteria. Hence, ciliates could play a role as reservoir for pathogens (e.g. Vannini et al., 2005;
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Fokin et al., 2008; Schrallhammer et al., 2011; Fokin et al., 2014) especially in environments
like wastewater. Indeed, in some cases, protists have been found to harbour pathogenic
bacteria (Rowbotham, 1980; Hilbi et al., 2011; Hoffmann et al., 2014). Other potentially
pathogenic bacteria have been found in amoeba and ciliates as well (Mura et al., 2006;
Schrallhammer et al., 2011). “Ca. Fokinia solitaria” was found in a Paramecium species
isolated from a wastewater treatment plant in Rio de Janeiro, Brazil. Up to now, only two
other records of bacteria inhabiting ciliates deriving from wastewater are available (Görtz
and Maier, 1991; Boscaro et al., 2013c), suggesting that the role of ciliates as reservoir for
potentially pathogenic bacteria in wastewater may have been overlooked.
Only a few reports of multiple infections of ciliates are available in the literature. Spirosto-
mum minus (Heterotrichea) was found with bacteria colonizing both, the cytoplasm and the
macronucleus (Fokin et al., 2003, 2005). Euplotes spp. (Spirotrichea) infected by Polynucle-
obacter necessarius and other bacteria are reported as well (Heckmann et al., 1983; Vannini
et al., 2010; Senra et al., 2016); the Euplotes aediculatus isolate “In” from New Delhi (India)
bore three different cytoplasmic endosymbionts (Boscaro et al., 2012, 2013c; Vannini et al.,
2014), beyond P. necessarius (Vannini et al., 2012). In Paramecium, multiple infections often
occur in combination with infectious Holospora species inhabiting the macro- or micronucleus
of P. caudatum, or even in combination with other cytoplasmic bacteria. Some authors suggest
that Holospora can act as a vector for other bacteria, including food bacteria, facilitating
their entrance into the host (Fokin et al., 2003, 2004b, see also Chapter 3). On the contrary,
the presence of symbiotic chlorellae in P. bursaria is generally considered protective against
infections by other cytoplasmic endosymbionts; nevertheless, several reports are available of
bacterial endosymbionts co-existing with those symbiotic algae in the same P. bursaria host,
such as “Holospora acuminata” (reviewed in Görtz, 1987a), Pseudocaedibacter chlorellopellens
(Görtz and Fokin, 2009; Schrallhammer and Schweikert, 2009), and “Ca. Sonnebornia yan-
taiensis” (Gong et al., 2014). It was suggested that if the endosymbionts colonize different
compartments, they probably depend on different metabolites and, therefore, do not compete
directly with each other (Görtz, 1982). The interactions among the host and its symbionts
perhaps become more complicated if the same cell compartment is colonized. Another S.
minus isolate bore five different symbiotic bacteria of which three were found in the cytoplasm
(Fokin et al., 2003, 2005). The symbionts were lost during the maintenance of the isolate under
laboratory conditions, indicating the instability of these symbiotic associations. Multiple
infections are probably more frequent than we know, but due to competition and other factors
(e.g. stress reaction and/or host defense mechanisms), only a few have been observed and even
fewer are stable in laboratory conditions over time. In the cases of stable multiple infections,
the different endosymbionts may be in a balanced competition with each other, resulting in
their persistent co-occurrence. A different explanation was proposed by Görtz (1987a), who
suggested that the bacteria could have favorable effects on each other. It is not clear whether
“Ca. Bealeia paramacronuclearis” and “Ca. Fokinia cryptica” interact in a beneficial way with
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each other or with their host, or if they live in balanced competition. However, they appear
to be adapted to their three-partner symbiotic system, and do not necessarily compete for
resources. This could be a reasonable explanation for the long-term stability of their double
infection. Future analyses, possibly performed on rRNA or (meta-)genomic sequences, could
help in clarifying the role of each symbiont and the interaction among them and with the
host.
Observations of double or multiple infections of ciliates by endosymbionts are relatively
rare. Only a few reports are available (e.g. 16, 20-24). In P. biaurelia isolate US_Bl 11III1 I
have found a stable double infection of novel endosymbiotic bacteria. From our observations
both, “Ca. Bealeia paramacronuclearis” and “Ca. Fokinia cryptica”, occur together in the
host’s cytoplasm—by now for 4 years under laboratory conditions—and hence live in stable
association within the same host compartment. Thus, the bacteria may be different in their
metabolic requirements, and their co-occurrence must not harm Paramecium to the extent
that extinction of either the host or one of its symbionts occurs.
A big diversity of Rickettsiales not associated with pathogenicity for vertebrates emerged
recently (Perlman et al., 2006). In almost five years of intensive environmental screening for
endosymbiotic bacteria in ciliates, nine new species of “Ca. Midichloriaceae” corresponding to
six new genera have been described, or respectively molecularly characterized for the first time,
in ciliate model organisms Paramecium and Euplotes; i.e. “Ca. Defluviella procrastinata”,
“Ca. Cyrtobacter comes” and “Ca. C. zanobii”, “Ca. Anadelfobacter veles” (Vannini et al.,
2010; Boscaro et al., 2013c), Lyticum sinuosum and L. flagellatum (Boscaro et al., 2013d),
“Ca. Bandiella wodruffii” (Senra et al., 2016), and the herein newly described species, “Ca.
Fokinia solitaria” (Szokoli et al., 2016b) and “Ca. Fokinia cryptica” (Szokoli et al., 2016a). On
the contrary, only five novel species were validly described inside the whole order Holosporales
(sensu present work, Boscaro et al., 2013b; Nunan et al., 2013; Schulz et al., 2014; Hess et al.,
2016), with “Ca. Jurandia parameciophila” representing even the first record of a member of
the “Ca. Paracaedibacteraceae” family inhabiting a ciliate species. However, this high rate of
new “Ca. Midichloriaceae” species descriptions indicates a high abundance of members of this
family in ciliates and, possibly, in protists. It seems very likely that more descriptions of new
“Ca. Midichloriaceae” will follow providing us a better understanding of their phylogenetic
relationships and host-endosymbiont interactions.
2.2.5. Species descriptions
Emended description of “Candidatus Fokinia” gen. nov. Szokoli et al. (2016b)
“Candidatus Fokinia” (Fo.ki’ni.a so.li. ta’ri.a; N.L. fem. n. Fokinia, in honor of Professor
Sergei I. Fokin). The description of “Candidatus Fokinia” (Szokoli et al., 2016b) is emended
as follows: FISH experiments confirmed the genus specificity of the oligonucleotide probes
Fokinia_434 and Fokinia_1250 (Szokoli et al., 2016b), with both known species of the genus,
“Candidatus Fokinia solitaria” (type species) and “Candidatus Fokinia cryptica”.
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Description of “Candidatus Fokinia solitaria” sp. nov.
“Candidatus Fokinia solitaria” (Fo.ki’ni.a so.li. ta’ri.a; N.L. fem. n. Fokinia, in honor of
Professor Sergei I. Fokin; N.L. adj. solitarius, solitary, lonely). Short rod-like bacterium
(1.2 x 0.25−0.35 µm in size). Cytoplasmic endosymbiont of the ciliate Paramecium sp. strain
Rio ETE_ALG 3VII (Oligohymenophorea, Ciliophora). Basis of assignment: SSU rRNA
gene sequence (accession number: KM497527) and positive match with the specific FISH
oligonucleotide probes Fokinia_198 (5’-CTT GTA GTG ACA TTG CTG C-3’), Fokinia_434
(5’-ATT ATC ATC CCT ACC AAA AGA G-3’) and Fokinia_1250 (5’-ACC CTG TTG
CAG CCT TCT-3’). Belongs to “Ca. Midichloriaceae” family in the order Rickettsiales
(Alphaproteobacteria). Identified in Paramecium sp. strain Rio ETE_ALG 3VII isolated
from a waste-water treatment plant in Rio de Janeiro (Brazil). Uncultured thus far.
Description of “Candidatus Fokinia cryptica” sp. nov.
“Candidatus Fokinia cryptica” (cryp’ti.ca. N.L. fem. n. kryptikós hidden). Short rod-like
bacterium (1.1 x 0.35−0.40m in size). Cytoplasmic endosymbiont of the ciliate Paramecium
biaurelia (Oligohymenophorea, Ciliophora), residing in symbiontophorous vacuoles. Basis of
assignment: SSU rRNA gene sequence (accession number: KU736846) and a positive match
with the specific FISH oligonucleotide probe FokCry_198 (5’-CTC GCA GTA ACA TTG CTG
C-3’). Belongs to “Ca. Midichloriaceae” family, order Rickettsiales, class Alphaproteobacteria.
Identified in Paramecium biaurelia isolate US_Bl 11III1 from a small pond in the Miller
Showers Park in Bloomington, Indiana (USA). Uncultured thus far.
Description of “Candidatus Bealeia” gen. nov.
“Candidatus Bealeia” (Bea’lei.a. N.L. fem. n. Bealeia named in honor of Professor Geoffrey
Herbert Beale (11th June 1913–16th October 2009). The new genus encompasses endosymbiotic
bacteria associated to the ciliate Paramecium biaurelia. Belongs to the family Holosporaceae
within the order Holosporales, class Alphaproteobacteria. The type species of the genus is
“Candidatus Bealeia paramacronuclearis”.
Description of “Candidatus Bealeia paramacronuclearis” sp. nov.
“Candidatus Bealeia paramacronuclearis” (pa.ra.ma.cro.nu.cle.a’ris. Gr. prep. para, beside;
L. masc. n. macronucleus vegetative nucleus of ciliates; N.L. fem. n. paramacronuclearis
occurring beside the macronucleus). Cytoplasmic endosymbiont of the ciliate Paramecium
biaurelia (Oligohymenophorea, Ciliophora). Rod-like bacterium (1.8−2.4 x 0.4−0.5 µm in
size) with an electron-dense cytoplasm and conspicuous ribosomes and nucleoid. Devoid
of flagella. Often forms clusters of up to 7–8 cells, generally in close proximity to the host
macronucleus. Basis of assignment: SSU rRNA gene sequence (accession number: KU736844)
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and positive match with the species-specific FISH oligonucleotide probe Bealeia_1245 (5’-
CCT ATT GCT TCC TTT TGT CAC-3’). Identified in Paramecium biaurelia isolate US_Bl
524 11III1 from a small pond in the Miller Showers Park in Bloomington, Indiana (USA) and
isolate US_Bl 15I1 from Yellow Wood Lake (John Floyd Hollow, Indiana, USA). Type strain
is US_Bl 11III1. Thus far uncultured.
Emended description of the family Holosporaceae Görtz and Schmidt (2005)
Holosporaceae (Ho.lo.spo.ra’ce.ae. N.L. fem. n. Holospora type genus of the family; suff.
-aceae ending to denote a family; N.L. fem. pl. n. Holosporaceae the family of genus
Holospora). According to phylogenetic analysis, the description of the family Holosporaceae is
emended. Basis of assignment to this family is a stable clustering in phylogenetic trees with
the type genus Holospora and not with the Caedibacter -Nucleicultrix clade; showing an rRNA
identity with Holospora higher than 81%. All described members of this family are obligate
intracellular bacteria. Several possess two morphologically distinct forms and/or lifecycles.
The family currently comprises the genera Holospora, “Candidatus Gortzia,” “Candidatus
Paraholospora,” “Candidatus Hepatobacter,” “Candidatus Bealeia,” and several sequences
from uncultured organisms. Type genus is Holospora.
Description of “Candidatus Jurandia” gen. nov.
“Candidatus Jurandia” (Ju.ran’di.a N.L. fem. n. Jurandia, in honor of Dr. Arthur Jurand).
The novel genus comprises endosymbiotic bacteria associated to the ciliate Paramecium biau-
relia. Belongs to the family “Ca. Paracaedibacteraceae” within the order Holosporales, class
Alphaproteobacteria. The type species of the genus is “Candidatus Jurandia parameciophila”.
Description of “Candidatus Jurandia parameciophila” sp. nov.
“Candidatus Jurandia parameciophila” (pa.ra.me.cio.phi’la; L. masc. n. paramecio, in refer-
ence to its natural host Paramecium biaurelia; G. adj. phil, liking). Cytoplasmic endosymbiont
of the ciliate Paramecium biaurelia isolate US_Bl 12I1 (Oligohymenophorea, Ciliophora).
Short rod-like bacterium (1.50−2.00 x 0.35−0.38 µm in size). Basis of assignment: SSU
rRNA gene sequence (accession number: KX702973) and positive match with the specific
FISH oligonucleotide probe Jurandia_189 5’-GCG GTA AAC CTT TAA CCT C-3’. Belongs
to the family “Ca. Paracaedibacteraceae” in the order Holosporales (Alphaproteobacteria).
Identified in Paramecium biaurelia isolate US_Bl 12I1 (type strain) isolated from the Skater’s
pond, Indiana (USA). Uncultured thus far.
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Description of “Candidatus Hepatincolaceae” fam. nov.
“Candidatus Hepatincolaceae” (He.pat.in.co.la’ce.ae, N.L. fem. n. “Candidatus Hepatincola”
type genus of the family; suff. -aceae ending to denote a family; N.L. fem. pl. n. “Candidatus
Hepatincolaceae” the family of genus “Candidatus Hepatincola”). The family “Candidatus
Hepatincolaceae” is defined based on phylogenetic analysis of SSU rRNA gene sequences
of the type genus and uncultured representatives from various environments; most of the
sequences are apparently associated to Ecdysozoa. The family currently contains one genus:
“Candidatus Hepatincola” (Wang et al., 2004).
Description of Holosporales ord. nov.
Holosporales (Ho.lo.spo.ra’les. N.L. fem. n. Holospora type genus of the order; suff. -ales
ending to denote order; N.L. fem. pl. n. Holosporales the order of genus Holospora). Defined
by phylogenetic analyses based on SSU rRNA gene sequences. The order contains three families
(Holosporaceae, “Candidatus Paracaedibacteraceae,” and “Candidatus Hepatincolaceae”), and
the Caedibacter -Nucleicultrix clade including Caedibacter caryophilus, Caedibacter varicaedens,
“Caedibacter macronucleorum” (all endosymbionts of Paramecium species), “Candidatus
Nucleicultrix amoebiphila” (endosymbiont of Hartmannella sp.), and several sequences of
uncultured organisms. The order Holosporales is a member of the class Alphaproteobacteria.
The type genus is Holospora.
2.3. Conclusions and outlook
Despite intensive environmental screening, the protist’s species composition of large areas of
the world is still unknown. Even the cosmopolitan distributed, and well-studied ciliate genus
Paramecium can hold some surprises as shown by the discovery of the novel species isolated
from the wastewater treatment plant in Rio de Janeiro, Brazil. In this study, paramecia
from some North and South American sampling sites were investigated. The observed species
composition of both regions differed significantly, showing Brazilian samples to be more
species rich in respect to the samples from USA (Hypothesis 1). Especially tropic countries,
such as Brazil, India, and Tansania might be inhabited by a lot more yet undescribed protist
taxa. Thus, investigation of these areas might not only add new pieces to the puzzle of
taxonomy, but also broaden our knowledge on species adaptation and speciation processes.
The association of endosymbionts to single- and multicellular organisms turned out to
be an important object in many research fields, such as (meta-)genomic, evolutionary, and
epidemiological biology. Findings can help to understand the evolution of eukaryotic cells
from their prokaryotic ancestors to the development of complex organisms. Moreover, they
are necessary to evaluate the potential risk of certain microbes as pathogens for human
and animals, and can contribute to investigate possible medical treatments or prevention
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techniques. Several endosymbiotic species have been identified in this study to occur naturally
in Paramecium spp. from different locations of North and South America (Hypothesis 1).
Some bacteria have been already described (Lyticum sinuosum, “Ca. Megaira polyxenophila”
and “Ca. Trichorickettsia mobilis”), whereas others were entirely novel species and therefore
deserved a species characterization (as provided in Chapter 2.2). However, all belonged
to the subclass of Alphaproteobacteria (Hypothesis 2) . The symbionts featured different
“evolutionary strategies” ranging from species with a broad host range and geographical
distribution, such as “Ca. Megaira polyxenophila”, to those found only very rarely despite
intensive environmental screening (e.g. Lyticum and “Ca. Fokinia”). None of the observed
symbionts were identified as actual human or animal pathogen. Nevertheless, all belong to
the orders Rickettsiales and Holosporales from which many pathogenic species are known
(Palmer and Azad, 2012). Supposably, it might be possible under specific circumstances, that
protists in general, and ciliates in particular, do not only harbour pathogen-related bacteria
but also transmit infections of harmful organisms (Hypothesis 3).
My phylogenetic results support the appropriateness of separating all “basal Rickettsiales”
from the order Rickettsiales sensu stricto to form the new order Holosporales ord. nov.
(according to Ferla et al., 2013; see Hypothesis 4). Consequently, the order Rickettsiales
now consists solely of the RAM clade families Rickettsiaceae, Anaplasmataceae, and “Ca.
Midichloriaceae”. Furthermore, I suggest to broaden the borders of the family Holosporaceae,
as defined by Boscaro et al., 2013b), by including the genera “Ca. Paraholospora,” “Ca.
Hepatobacter,” and “Ca. Bealeia,” as well as all associated environmental sequences. Moreover,
I identified a new family level clade that includes the “Ca. Hepatincola porcellionum” sequence,
which I accordingly have named “Ca. Hepatincolaceae”. Members of this clade show elevated
evolutionary rates in their rRNA gene sequences, resulting in an unstable positioning within
Holosporales. Genome analyses of these novel endosymbiont species and other members of
the orders Rickettsiales and Holosporales will be necessary to unambiguously resolve the
phylogenetic position of these two orders and to reveal the secrets of multiple-endosymbiont-
host interactions (Hypothesis 4). Therefore, genome sequencing and annotation of “Ca.
Fokinia solitaria”, “Ca. Fokinia cryptica” and “Ca. Bealeia paramacronuclearis” are currently
ongoing in collaboration with Prof. C. Bazzocchi (Dipartimento di Scienze Veterinarie e
Sanità Pubblica, Università degli studi di Milano) and Dr. D. Sassera (Dipartimento di
Biologia e Biotecnologie, Università degli studi di Pavia).
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Caedibacter caryophilus and
Caedibacter taeniospiralis
3.1. Transmission of endosymbionts
One of the most important steps in a symbiont’s life cycle is transmission from one host
to another. Transmission allows the symbiont to sustain its population beyond the host’s
death, but can also help to explore new habitats and hosts to escape unfavourable habitats
(or hosts), and in some cases, to sexually reproduce. In nature, a great range between the
two extremes—horizontal and vertical transmission—occurs (Bright and Bulgheresi, 2010;
Ebert, 2013). Horizontal transmission describes the dispersal of symbionts among unrelated
hosts of the same or different species (Fine, 1975). In some systems, a host’s life cycle can be
divided into an aposymbiotic phase usually lacking the symbiont in germ cells, embryonic and
larval live stages, and a symbiotic phase usually including juvenile and adult stages (Bright
and Bulgheresi, 2010). On the contrary, vertically transmitted symbionts are passed from
an organism to its offspring and no aposymbiotic phase occurs during their life cycle (Bright
and Bulgheresi, 2010; Ebert, 2013). Most often symbionts use mixed transmission modes
for colonizing hosts (Bright and Bulgheresi, 2010; Ebert, 2013), and therefore symbionts
transmitting exclusively vertical or horizontal are scarce (Ebert, 2013). Mixed transmission
ensures the persistence of symbionts over time and space, and enables themselves to occur
under a wider range of ecological conditions compared to symbionts using only vertical or
horizontal transmission (Lipsitch et al., 1995).
The transmission mode is strongly linked to co-evolutionary processes between hosts and
their symbionts (Ewald, 1987; Lipsitch et al., 1996; Yamamura, 1996; Genkai-Kato and Yama-
mura, 1999; Bright and Bulgheresi, 2010). In many mixed transmission systems, organisms
undergo a trade-off between horizontal and vertical transmission. If horizontal transmission
causes host death as known for some bacteriophages or microsporidia in arthropods, further
vertical transmission is thereby terminated (Ebert, 2013). Vertical transmission can be also
negatively influenced by horizontal transmission, if the production of infectious stages re-
duces the host’s reproduction success (Bull, 1994; Ewald, 1994). The trade-off between the
different transmission modes can be related to different environmental conditions (e.g Kaltz
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and Koella, 2003; Nidelet et al., 2009; Magalon et al., 2010; Ebert, 2013). The infectious
Paramecium endosymbiont Holospora undulata was shown to switch between vertical and
horizontal transmission depending on the host’s replication (according to the amount of food
at the host’s disposal, and functioning as environmental factor) and thus, an accumulation
of Holospora cells inside the host micronucleus, if host replication is slowed down (Kaltz
and Koella, 2003). The production of infectious forms significantly decreased in treatments
with high host growth rates, but increased for low or even negative growth rates (Kaltz and
Koella, 2003). In later experiments, infectious forms produced during long-term high density
treatments evolved towards more infectious but less virulent bacteria compared to infectious
forms resulting from low density cultures (Magalon et al., 2010). These results support the
theoretical assumption that a shift towards vertical transmission might lead to the evolution
of mutualistic relationships (e.g. Ewald, 1987; Yamamura, 1993) with the development of
organelles like mitochondria and plastids as the extreme case (Yamamura, 1993, 1996; Lip-
sitch et al., 1996). However the “transmission mode hypothesis” or “continuum hypothesis”
(Ewald, 1987) is not supported in each system and the shape of correlation between horizontal
and vertical transmission strongly depends on the physical routes of transmission, and the
population structure of the host (Ebert, 2013).
The occurrence of low rates of either vertical or horizontal transmission in systems using
mainly one type has big advantages for the symbiont. For example, additional vertical
transmission (to mainly horizontal transmission) increases the overall distribution and stability
of the symbiont, whereas horizontal transmission affects co-evolutionary traits between both
partners by reducing the accumulation of unfavourable genetic changes in the symbiont which
might also reduce the competitive advantage of the host compared to other hosts inhabiting
more beneficial symbionts (Ebert, 2013). But what happens if a symbiont loses its ability to
infect new hosts by horizontal transmission? Are there other mechanisms to ensure horizontal
transmission? Paramecium endosymbionts of the paraphyletic genus Caedibacter seem to
cope with such a scenario. Related bacterial strains were observed on different continents and
sometimes even in different protist species (Pond et al., 1989; Schrallhammer and Schweikert,
2009), but new infections were observed only in a few cases under laboratory conditions, and
recent infection experiments failed (for review see Schrallhammer and Schweikert, 2009). On
the contrary, double infections of Holospora obtusa and food-like bacteria occurred in the
macronucleus of Paramecium (Fokin et al., 2003, 2004b, 2005). Thus, the authors suggested,
that Holospora spp. can act as a vector for other bacteria to infect new hosts (Fokin et al.,
2003, 2004b, 2005), and Caedibacter might take advantage of a mediated co-transmission
(Kusch and Görtz, 2006). To test if Caedibacter might benefit from Holospora as a vector
organism (see Hypothesis 5), I performed infection experiments with different Paramecium
species using an inoculum containing both, Caedibacter and Holospora.
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3.2. Material and Methods
3.2.1. Study organisms
The genus Holospora was used as vector organism for testing the passive transmission of
other bacterial symbionts of Paramecium. Within the genus four species received a valid
description, namely Holospora undulata (ex Hafkine, 1890; Gromov and Ossipov, 1981),
Holospora caryophila (ex Preer et al., 1974; Preer and Preer, 1982), Holospora elegans (ex
Hafkine, 1890; Preer and Preer, 1982) and Holospora obtusa (ex Hafkine, 1890; Preer and
Preer, 1982). Other five species can be distinguished from the described ones (Görtz and
Schmidt, 2005). According to some specific morphological and life-cycle features, Holospora
species are divided into two groups (Görtz and Schmidt, 2005). Common to all Holospora
symbionts is the typical, host specific life cycle with an elongated, infectious form, and a
short, reproductive form (Fokin and Görtz, 2009; Boscaro et al., 2013b)). Infectious cells
can be incorporated from the environment via phagocytosis by the Paramecium host. Then,
the infectious forms escape digestion by forming a symbiontophorous vacuole together with
the host membrane system. This vacuole is transported to the definite nucleus, where the
Holospora infectious cells turn into reproductive forms for vegetative division (Fokin and
Görtz, 2009; Fujishima, 2009a). Occasionally, some reproductive forms differentiate back to
infectious forms, which are released from the host into the environment ready for infecting
Holospora-free paramecia (Fokin and Görtz, 2009; Fujishima, 2009a). Most Holospora species
are host and even compartment specific with only a few exceptions (for review see Fokin
and Görtz, 2009). As species with a broader host range, I used two host isolates infected
with H. caryophila: P. biaurelia FGC3 and P. biaurelia HC+ (Tab. 3.1). In both isolates,
H. caryophila resides in the macronucleus.
Two species of the paraphyletic genus Caedibacter served as possible vector-transmitted
organisms in this study. The group comprises species, which provide their host paramecia with
the so-called “killer trait” (Sonneborn, 1938; Schrallhammer and Schweikert, 2009), and were
initially named “kappa particles” (Sonneborn, 1943) before they were discovered to be bacteria
(Preer, 1950; Hamilton and Gettner, 1958). Caedibacter species show a distinct morphological
feature, a proteinaceous intracellular structure called “refractile body” or “R-body” (Preer
and Stark, 1953), which is associated with the “killer trait” (Preer et al., 1974). Caedibacter
infected paramecia are able to kill Caedibacter -free paramecia (“sensitives”). Due to the
advantage infected paramecia have over sensitive ones, Caedibacter is seen as a mutualistic
symbiont in free-living paramecia (Landis, 1981, 1987; Kusch et al., 2002). However, Caed-
ibacter appears as energy parasite in laboratory experiments (Kusch et al., 2002; Linka et al.,
2003). At present five Caedibacter species are validly described (Parte, 2014): Caedibacter
taeniospiralis (Preer and Preer, 1982), Caedibacter varicaedens, Caedibacter pseudomutans,
Caedibacter paraconjugatus (Quackenbush, 1982) and Caedibacter caryophilus (Schmidt et al.,
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1987; Euzéby, 1997). While C. taeniospiralis, C. varicaedens and C. pseudomutans occur only
in P. biaurelia and P. tetraurelia, C. caryophilus is not restricted to species of the P. aurelia
complex, but was found to inhabit also P. caudatum (Schmidt et al., 1987), P. novaurelia
(Kusch et al., 2000), Didinium nasutum (Ciliophora; Kusch et al., 2002, Amoeba proteus
(Amoebazoa; Kusch et al., 2002) and Peridinium cinctum (Dinoflagellata; Schweikert and
Meyer, 2001). However, molecular data on prokaryotic SSU rRNA gene changed the view on
the genus Caedibacter dramatically. C. caryophilus and C. varicaedens show only two nu-
cleotides difference in their 16S rDNA sequence (C. caryophilus AJ238683 and C. varicaedens
NZ_BBVC01000023 in a total of 1695 nucleotides). C. taeniospiralis, instead, turned out to
belong to the family Francisellaceae inside Gammaproteobacteria (Beier et al., 2002). For the
herein performed co-transmission experiments, both cytoplasmic endosymbionts C. varicae-
dens (P. biaurelia 7K) and C. taeniospiralis (P. tetraurelia 51K and 298K) were used (Tab.
3.1).
Different endosymbiont-free P. biaurelia and P. tetraurelia isolates were chosen as acceptor
cultures (Tab. 3.1). Host identity was determined using molecular data according to Szokoli
et al. (2016b). Co-transmission was performed in three independent experiments, including
naïve acceptor strains from different geographical origins, and antibiotics-cured isolates (“apo”)
of formerly C. taeniospiralis-bearing cultures (Tab. 3.2; Dusi et al., 2014).
3.2.2. Isolation protocol for endosymbionts
Both, Holospora- and Caedibacter -bearing cultures were used to prepare inocula containing
crushed host cells and undamaged bacterial cells for infection. Therefore, Holospora cultures
were starved three days before starting the experiment to reduce contamination with food
bacteria. On the contrary, Caedibacter cultures were kept in exponential growth to avoid
R-body production. 1L of each culture was filtered through eight layers of sterile gauze
to decrease the amount of food bacteria and debris flocks inside the medium. Then, the
cultures were portioned to 100 mL centrifugation vessels, closed with Parafilm M® (Bemis
Company, Neenah, Wisconsin, USA) and the Paramecium cells were centrifuged for 20min
at 1.200 rpm and 4 ◦C in a K 26 D centrifuge from MLW (Medizin-, Labor- und Wägetechnik,
Leipzig, Germany). The supernatant was removed and the steps were repeated until the
initial cultures were finished. The concentrated cells were then washed twice with 100mL
1x PBS, re-suspended in 1mL 1x PBS, and collected in 2mL Eppendorf tubes. The suspension
was dispersed in volumes of 500 µL to 1.5mL Eppendorf tubes partially filled with sterile
glass beads. Tubes were mixed for at least 5min at 2.000 rpm and 4 ◦C in an Eppendorf
Thermomixer® comfort (Eppendorf AG, Hamburg, Germany) to crush the Paramecium cell.
A small volume of each Eppendorf tube was transferred to an object slide to check the success
of the process under a microscope. Mixing was repeated until no intact Paramecium cells








Endosymbiont Sampled by Location
P. biaurelia FGC3 H. caryophila S. Galati Calabria, Italy
HC+ H. caryophila S. Fokin Münster,
Germany
7K C. varicaedens F. Pond Pinehurst, North
Carolina, USA









P. tetraurelia 51K C. taeniospiralis F. Pond Spencer,
Indiana, USA
298K C. taeniospiralis F. Pond Empire Range,
Panama
51S F. Pond Spencer,
Indiana, USA
99 Y.Tsukii Honshu Island,
Japan
290 E. Przyboś Madrid, Spain
291 E. Przyboś Melbourne,
Australia



























Table 3.2.: Endosymbiont-bearing and endosymbiont-free cultures used in the three tested co-
transmission experiments.
Co-trans. I Co-trans. II Co-trans. III
H. caryophila FGC3 FGC3 FGC3
HC+
C. varicaedens 7K
C. taeniospiralis 298K 298K
51K
P. biaurelia Dub Dub 3III2
Opa




3.2.3. Realisation of the infection experiments for co-transmission
For each experimental set up, cell densities of uninfected cultures were determined to ensure
comparable conditions. Therefore, 1mL of each living culture was fixed in 1.5mL Eppendorf
tubes filled with 10 µL Bouin solution and a variable sub-volume was counted in six replicates
in counting chambers. The mean number of cells per mL was calculated. Based on this
number, uninfected cultures were diluted with 0.25% CM to the density of the culture with
the lowest density.
Co-transmission was tested in 24-well-plates by distributing 500 µL of each uninfected
culture into the wells, and adding 100 µL of ice-cold endosymbiont inoculum. The inoculum
contained either Holospora, Caedibacter or both endosymbionts. The pure inocula of Holospora
and Caedibacter served as positive controls. Five replicates were prepared for each culture
combination, but sampling was performed only in one of the replicates using a different one
per each time point. The well-plates were stored in humid chambers in an incubator set to
24 ◦C. Paramecium cells were fixed on slides with 4% paraformaldehyde (PFA) after 1 h,
48 h and 7 d and 28 d. Cultures were fed the first time after the 48 h fixation with 200 µL
Raoultella planticola inoculated CM, and from thereon on a weekly basis by replacing 500 µL
of the cultures with 500 µL inoculated CM.
The possible occurrence of endosymbionts was checked with fluorescence in situ hybridiza-
tion (FISH) experiments using the Holospora-specific probe NovHolo1257 (5’-CCA GGT CAC
CCT ATT GCA-3’) in combination with the specific probe Cc23 (Visvevara, 1995) targeting
C. varicaedens and Ctaenio998 (Beier et al., 2002) specific for C. taeniospiralis. Hybridisation
was performed with 10 ng/µL of each probe, using hybridization buffer containing no for-
mamide (FA) for experiments involving Cc23, and with 35% FA for Ctaenio998. Incubation
took place over night at 46 ◦C. Then, slides were washed at 48 ◦C in washing buffer fitting for
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the used hybridization buffer, and air-dried. CitiFluorTM AF1 (Citifluor Ldt, London, Great
Britain) containing DAPI was added to the slides and covered by a cover slip. The samples
were examined with the fluorescence microscope Nikon Eclipse Ti (Nikon Corporation, Tokyo,
Japan). Visualization of counting data was performed using the free software environment R
(R Core Team, 2016).
3.3. Results
3.3.1. Co-transmission I and II
In most experimental combinations of co-transmission, only a positive NovHolo1257 signal
was observed inside the food vacuoles in some of the cultures (controls and co-transmission
treatments) 1 h after infection. In later time points (2 d, 7 d, 14 d and 28 d), a positive
NovHolo1257 signal never occurred. In these treatments, usually also the Caedibacter species
specific probes Cc23 and Ctaenio998 never emitted a positive signal (data not shown).
3.3.2. Co-transmission III
Exceptionally, in the third experimental set-up (co-transmission III), positive signals were
emitted of both, the Holospora specific probe NovHolo1257 and the C. taeniospiralis specific
probe Ctaenio998. The obtained results are specified in subsections “Controls co-transmission
III” and “Co-transmission III” of this chapter.
In addition to the observed fluorescence signals, a noticeable decline of the cell number in
co-transmission III treatments was detected in almost all combinations containing inoculum of
298K (see Fig. 3.1, 3.2, 3.3, 3.4). This effect was strongest two days after infection, at which
in many cases not even one cell was left to be fixed for FISH. While some of the cultures were
able to recover, others were not and died off completely. Especially P. tetraurelia 51 apo was
sensitive to the treatment with 298K inoculum and recovered only in combination with HC+
(Fig. 3.4 bottom left). Other cultures were more stable (e.g. 3III2 treated with 298K and
HC+). Some experimental cultures treated with either FGC3, HC+ or 51K usually showed a
temporary minimum at 7 d (Fig. 3.1, 3.2 and 3.4).
Controls co-transmission III
In the control treatments of P. biaurelia, a positive signal of probe NovHolo1257 was observed
in some Paramecium cells 1 h (indicated as 0 d in the following figures) and 2 d after infection
(Fig. 3.1 top left and top right). For HC+ the positive signal was observed only in the
first hour after infection (Fig. 3.1 top right), and disappeared in later time points. On the
contrary, in the FGC3 treatment of P. biaurelia, a high proportion of cells were positive but
only after 2 d (Fig. 3.1 top left). The positive signal was located inside food vacuoles 1 h
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after infection, or the cytoplasm of P. biaurelia 2 d after infection (data not shown). 7 d,
14 d and 28 d after infection non of the observed cells showed a positive NovHolo1257 signal.
For the infection with Caedibacter, many P. biaurelia 3III2 cells showed a positive signal of
probe Ctaenio998 inside the food vacuoles 1 h after infection in the 298K treatments (Fig.
3.1 bottom left; Fig. 3.5). No positive signal was observed 2 d, 7 d and 14 d after infection.
Surprisingly, 28 d after infection, a positive Ctaenio998 signal was observed again, but located
inside the macronucleus of some Paramecium cells (Fig. 3.1 bottom left, Fig. 3.6). A similar
situation was observed for the 51K treatment (Fig. 3.1 bottom right).
In contrast to P. biaurelia, P. tetraurelia 51 apo showed a positive signal of probe NovHolo
1257 in both Holospora treatments with an increase of positive cells from 1 h to 2 d after
infection (Fig. 3.2 top left and top right). Holospora cells were observed inside the host
cytoplasm 2 d after infection (Fig. 3.7). However, 7 d, 14 d and 28 d after infection, non of the
observed cells showed a positive NovHolo1257 signal. Approximately 25% of the P. tetraurelia
51 apo cells treated with C. taeniospiralis 298K showed a positive signal of probe Ctaenio998
1 h after infection inside food vacuoles (Fig. 3.8). However, Paramecium cell number strongly
decreased at 2 d and no living cells were observed on 7 d, 14 d and 28 d (Fig. 3.2 bottom left).
For P. tetraurelia treated with C. taeniospiralis 51K, all tested cells showed a positive signal
of probe Ctaenio998 1 h after infection inside food vacuoles (Fig. 3.2 bottom right). This
number decreased 2 d after infection and disappeared completely at 7 d and 14 d. However,
as for P. biaurelia 3III2, 28 d after infection again a positive signal was observed inside the
macronucleus (Fig. 3.2 bottom right, Fi.g 3.9).
Co-transmission III
In co-transmission treatments with inocula containing both, Holospora FGC3 and Caedibacter
298K, on acceptor strain P. biaurelia 3III2, a positive signal was observed for both probes,
Ctaenio998 and NovHolo1257, after 1 h (Fig. 3.3 top left). Positive signals were located
inside food vacuoles, in separated (Fig. 3.10) as well as inside the same one (data not shown).
Within the 2 d and 28 d samples, only Ctaenio998 positive cells were found in food vacuoles
(2 d) and later in the macronucleus (28 d). No positive NovHolo1257 signal was visible. In
the tested combination of donor strains FGC3 and 51K, both probes gave a positive signal
1 h after infection but positive signals never occurred in the same cell (Fig. 3.3 top right).
However, only cells positive for probe NovHolo1257 were observed inside food vacuoles 2 d
after infection, whereas no signal was obtained 7 d and 14 d after infection. Many cells were
positive for probe Ctaenio998 inside food vacuoles 1 h after infection in the HC+ and 298K
treatment, while 2 d after infection only cells positive for probe NovHolo1257 occurred inside
food vacuoles (Fig. 3.3 bottom left). At 7 d, 14 d and 28 d no positive signals of both probes
were observed. In HC+ and 51K a high number of cells showing a positive signal for both
probes occurred in food vacuoles 1 h after infection (Fig. 3.3 bottom right), but only probe
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Figure 3.1.: Control treatments of P. biaurelia 3III2 with inoculum containing only one sym-
biont: H. caryophila FGC3 (top left), H. caryophila HC+ (top right), C. taeniospiralis
298K (bottom left) and C. taeniospiralis 51K (bottom right). Grey bars indicate the
number of counted cells showing no positive fluorescence signal, green bars indicate a
positive fluorescence signal with the Holospora-specific probe NovHolo1257, and red
bars indicate a positive signal of probe Ctaenio998 specific for C. taeniospiralis.
NovHolo1257 occurred to be positive in food vacuoles 2 d and 14 d after infection.
P. tetraurelia 51 apo cells (acceptor) showed a positive signal either for probe NovHolo1257
or probe Ctaenio998 1 h after infection with inocula of both, FGC3 and 298K, but non of the
cells showed both signals (Fig. 3.4 top left). However, all cells of this treatment died shortly
after infection in all five replicates. Also in HC+ and 298K (donor), a positive signal was
observed at least for probe Ctaenio998 (Fig. 3.4 bottom left), and the cells strongly decreased
in number. Both treatments containing Caedibacter 51K as a donor (Fig. 3.4 top right and
bottom right) showed approximately 25% of the cells being positive for both probes 1 h after
infection. Additionally, a high proportion was positive only for probe Ctaenio998. However,
2 d after infection only probe NovHolo1257 emitted a positive signal in a few cells, while no
Ctaenio998 signal was observed. For the inoculum combination FGC3 and 51K, no signal
occurred in the later time points. On the contrary, a positive Ctaenio998 signal was observed





























































Figure 3.2.: Control treatments of P. tetraurelia 51 apo with inoculum containing only one
symbiont: H. caryophila FGC3 (top left), H. caryophila HC+ (top right), C. taeniospi-
ralis 298K (bottom left) and C. taeniospiralis 51K (bottom right). Grey bars indicate
the number of counted cells showing no positive fluorescence signal, green bars indicate
a positive fluorescence signal with the Holospora-specific probe NovHolo1257, and red
bars indicate a positive signal of probe Ctaenio998 specific for C. taeniospiralis.
























































uninfected Holospora Caedibacter both
Figure 3.3.: Co-transmission of P. biaurelia 3III2 using inocula in different combinations con-
taining: H. caryophila FGC3 and C. taeniospiralis 298K (top left), H. caryophila
FGC3 and C. taeniospiralis 51K (top right), H. caryophila HC+ and C. taeniospi-
ralis 298K (bottom left), and H. caryophila HC+ and C. taeniospiralis 51K (bottom
right). Grey bars indicate the number of counted cells showing no positive fluorescence
signal, green bars indicate a positive fluorescence signal with the Holospora-specific
probe NovHolo1257, red bars indicate a positive signal of probe Ctaenio998 specific for
C. taeniospiralis, and yellow bars indicate positive signals obtained from both probes.
67
3. Co-transmission
























































uninfected Holospora Caedibacter both
Figure 3.4.: Co-transmission of P. tetraurelia 51 apo using inocula in different combinations
containing: H. caryophila FGC3 and C. taeniospiralis 298K (top left), H. caryophila
FGC3 and C. taeniospiralis 51K (top right), H. caryophila HC+ and C. taeniospi-
ralis 298K (bottom left), and H. caryophila HC+ and C. taeniospiralis 51K (bottom
right). Grey bars indicate the number of counted cells showing no positive fluorescence
signal, green bars indicate a positive fluorescence signal with the Holospora-specific
probe NovHolo1257, red bars indicate a positive signal of probe Ctaenio998 specific for
C. taeniospiralis, and yellow bars indicate positive signals obtained from both probes.
Figure 3.5.: FISH C. taeniospiralis control of P. biaurelia 3III2 1 h after infection. Pos-
itive red fluorescence signal of the probe Ctaenio998 (A) indicates the presence of C.
taeniospiralis inside the food vacuole of P. biaurelia US_Bl 3III2 after 1 h incuba-
tion (white arrow). No clear signal was obtained from the Holospora-specific probe
NovHolo1257 (B, green). D shows the relative position of the food vacuole containing




Figure 3.6.: FISH C. taeniospiralis control of P. biaurelia 3III2 28 d after infection. Pos-
itive red fluorescence signal of the probe Ctaenio998 (A) indicates the presence of C.
taeniospiralis inside the macronucleus of P. biaurelia US_Bl 3III2 after 28 d incuba-
tion (white arrow). No clear signal was obtained from the Holospora-specific probe
NovHolo1257 (B, green). D confirms position of C. taeniospiralis (white arrow) inside
the macronucleus stained with DAPI (C) of the host as violett overlay of red and blue
signal. Scale bar: 10µm.
Figure 3.7.: FISH H. caryophila control of P. tetraurelia 51 apo 2 d after infection. No
signal of the probe Ctaenio998 (A, red) was observed but a positive green signal the
Holospora-specific probe NovHolo1257 (B) indicates the presence of H. caryophila inside
the cytoplasm of P. tetraurelia 51 apo after 48 h incubation (white arrow). D shows
the relative position of H. caryophila (white arrow) to the macronucleus stained with
DAPI (C) of the host. Scale bar: 10µm.
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Figure 3.8.: FISH C. taeniospiralis control of P. tetraurelia 51 apo 1 h after infection.
Positive red fluorescence signal of the probe Ctaenio998 (A) indicates the presence
of C. taeniospiralis inside the food vacuole of P. tetraurelia 51 apo after 1 h incuba-
tion (white arrow). No clear signal was obtained from the Holospora-specific probe
NovHolo1257 (B, green). D shows the relative position of the food vacuole containing
C. taeniospiralis (white arrow) to the macronucleus stained with DAPI (C) of the host.
Scale bar: 10µm.
Figure 3.9.: FISH C. taeniospiralis control of P. tetraurelia 51 apo 28 d after infection.
Positive red fluorescence signal of the probe Ctaenio998 (A) indicates the presence of
C. taeniospiralis inside the macronucleus of P. tetraurelia 51 apo after 28 d incuba-
tion (white arrow). No clear signal was obtained from the Holospora-specific probe
NovHolo1257 (B, green). D confirms position of C. taeniospiralis (white arrow) inside
the macronucleus stained with DAPI (C) of the host as violett overlay of red and blue
signal. Scale bar: 10µm.
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Figure 3.10.: FISH co-transmission treatment of P. biaurelia 3III2 1 h after infection.
Positive red fluorescence signal of the probe Ctaenio998 (A) indicates the presence
of C. taeniospiralis inside the food vacuole of P. biaurelia 3III2 after 1 h incubation
(white arrow). Additionally, a green positive signal was obtained from the Holospora-
specific probe NovHolo1257 inside food vacuoles (B; white arrowhead). D shows the
relative position of the food vacuoles (white arrows and arrowheads) to the autogamic
macronucleus stained with DAPI (C) of the host. Scale bar: 10µm.
Figure 3.11.: FISH co-transmission treatment of P. tetraurelia 51 apo 28 d after infection.
Positive red fluorescence signal of the probe Ctaenio998 (A) indicates the presence of
C. taeniospiralis inside the macronucleus of P. tetraurelia 51 apo after 28 d incubation
(white arrow). No positive signal was obtained from the Holospora-specific probe
NovHolo1257 (B, green). D confirms position of C. taeniospiralis (white arrow) inside
the macronucleus stained with DAPI (C) of the host as violet overlay of red and blue




Vectors play an important role in the epidemiology of pathogens and parasites. They transmit
an infectious agent from an infected animal to an uninfected one (Last, 2001; Mehlhorn
and Piekarski, 2002). The best studied vector-pathogen systems are the associations of
bacterial symbionts transmitted by arthropods, in which also replication of the bacteria takes
place. Hard ticks are known to harbour and transmit bacteria causing various human and
animal diseases (Parola and Raoult, 2001; Ahantarig et al., 2013). Moreover, vector-borne
co-infections of different bacterial pathogens are frequently occurring in humans and mammals
especially caused by ticks (Diterich and Hartung, 2001; Parola and Raoult, 2001; Süss et al.,
2004; Swanson et al., 2006). These infections can lead to severe health problems, if not cured
appropriately (Diterich and Hartung, 2001). However, ticks and other medically important
insect vectors (e.g. mosquitoes, blood sucking flies, bed bugs, and fleas) do not only harbour
pathogens, but a diverse microbiota (e.g. Hornok et al., 2008; Jones et al., 2008; Erickson et al.,
2009; Richard et al., 2009; Alberdi et al., 2012; Ahantarig et al., 2013; Dennison et al., 2014),
of which some might be transmitted to other hosts (Skarphedinsson et al., 2005; Mariconti
et al., 2012). On the contrary, recent studies on mosquito-microbiota interactions showed the
potential to inhibit the mosquito’s susceptibility to human pathogens (reviewed in Dennison
et al., 2014).
Vectors can also act as obligate part of a pathogens life-cycle (intermediate or secondary
host), in which the pathogen for example completes some developmental stages but does
not reproduce, such as Filarioidea (Nematoda) inside blood-sucking insects (Mehlhorn and
Piekarski, 2002). Alternatively, pathogens can be transmitted by paratenic hosts, in which
the pathogens neither reproduce nor develop. In this case, the pathogens can occur inside
the paratenic host or can simply be attached to their surface (as known e.g. for houseflies,
blowflies and cockroaches), and therefore potentially infecting everything which stood in
physical contact to the hosts. Applying the latter definition, almost every living organism
can become a paratenic host—even bacteria. It was reported that the intranuclear symbiont
Holospora is able to introduce other bacteria (usually non-infective ones) into the macronucleus
of Paramecium, thus acting as a vector (Fokin et al., 2003, 2004b, 2005). In contrast to
my expectations, a double-infection of H. caryophila and Caedibacter never occurred in my
experiments, and H. caryophila did not act as vector for Caedibacter. Thus, Hypothesis 5
could not be answered with absolute certainty with the present results. Both symbiotic species
were found to be present in the same food vacuoles of paramecia shortly after infection (Fig.
3.10). Nevertheless, Holospora was not able to establish an infection of the macronucleus of
the acceptor strains in any of the experiments. It might be possible that no or not enough
infectious forms of Holospora were present in the experimental inocula to cause macronuclear
infection of paramecia. Furthermore, there is no evidence that Holospora triggered the
observed infection of C. taeniospiralis, as seen in 28 d-fixations of co-transmission III (Fig.
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3.11), since the positive Ctanio998 signal was also obtained for Caedibacter controls only
treated with Caedibacter inoculum (Fig. 3.9). Vector properties have been shown only for
H. obtusa (Fokin et al., 2003, 2004b, 2005) and H. caryophila might lack this feature. In
contrast to arthropod-induced co-infection, to my best knowledge, there is no other report of
an infectious bacterium acting as vector for other bacteria, neither in protists, nor in metazoa.
However, in protists, especially ciliates, multiple infections are known to occur (for review
see Görtz, 1987a, and Chapter 2.2.4). It might be possible, that some of these observations
were the result of a random co-transmission process, especially regarding the fact that many
infectious bacteria are able to avoid digestion by either escaping the phagosome or actively
adjusting the phagosome to their needs (Fujishima, 2009a; Sarantis and Grinstein, 2012;
Hoffmann et al., 2014), which might safe also other bacteria from digestion. Nevertheless,
only a few randomly involved bacteria might be able to survive inside their new environment
(host).
In early publications (Sonneborn, 1943, 1948; Tallan, 1959; Mueller, 1963, 1964; Preer et al.,
1974), Caedibacter was described as infectious symbiont of various species of the Paramecium
aurelia complex. Killer paramecia constantly release Caedibacter cells into the environment
(Nobili, 1961; Preer et al., 1974). If an R-body containing Caedibacter cell is ingested by
a sensitive Paramecium, the low pH inside the food vacuole triggers the R-body to enrol
(Mueller, 1962), thus, penetrating the food vacuole (Jurand et al., 1978), and delivering the
death-causing toxin to its target site (for review see Schrallhammer and Schweikert, 2009).
My data suggest that C. taeniospiralis strain 298K is an effective killer and might have
produced more R-body containing cells than 51K. Infection activity instead, was found to
be linked only to Caedibacter cells lacking R-bodies (Mueller, 1963), which also showed
reproductive function (Sonneborn, 1959; Preer et al., 1974). However, infection ability of
C. varicaedens and C. taeniospiralis was not confirmed by later studies (Kusch et al., 2002),
and horizontal transmission was generally judged as rare event in nature (Preer et al., 1974;
Landis, 1981, 1987; Kusch et al., 2002; Kusch and Görtz, 2006; Schrallhammer and Schweikert,
2009). Although a vector-induced infection of Caedibacter was not observed in this study,
my data are indicative for a potential horizontal transmission of C. taeniospiralis 51K and
298K. Infection occurred in the endosymbiont-free strains P. biaurelia 3III2 (considered
naïve) and P. tetraurelia 51 apo (antibiotics-cured), and was therefore neither restricted to
naïve hosts, nor to possibly pre-adapted ones. While the killer effect was studied among
different Paramecium strains and species (Preer et al., 1974; Pond et al., 1989), infection was
shown almost exclusively on a host-intraspecific level. Only microinjection was successfully
performed interspecifically (Gibson, 1973). In contrast to previous studies, C. taeniospiralis in
the present study infected not only its original host species P. tetraurelia, but also the related
species P. biaurelia. This demonstrates the possible transfer of C. taeniospiralis between
sibling species of the P. aurelia complex, as indicated by microinjection. Although the herein
tested Caedibacter genotypes 51K and 298K were found to infect the macronucleus respect
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to the cytoplasm (discussed below), they preserved, at least partially, their ability to infect
new hosts (horizontal transmission) under certain conditions.
In general, conditions for infection might depend on various factors: genetic background
of both, host and symbiont; density of host and symbiont in the medium; occurrence or
absence of environmental stress (Preer et al., 1974; Landis, 1981, 1987; Kusch et al., 2002;
Kusch and Görtz, 2006; Schrallhammer and Schweikert, 2009). Previously performed infection
experiments (Sonneborn, 1943, 1948; Tallan, 1959; Mueller, 1963, 1964; Kusch et al., 2002)
used a high density of paramecia (ca. 200 cells in 0.1mL) and a high number of Caedibacter
cells present in the surrounding medium during the infection experiments (2.5x105 to 6.4x107,
as estimated by Kusch et al., 2002). Culture conditions and host cell densities (due to poor
growth) for acceptor and donor strains differed in my herein presented experiments in respect
to former literature (e.g. different culture media and temperatures, lower Paramecium cell
density, etc.). Therefore, it is difficult to truly identify the responsible condition, which fostered
C. taeniospiralis infection in only one out of three performed co-transmission experiments.
Nevertheless, co-transmission III was the experiment with highest host cell density (1/6 of
the estimated density used by Kusch et al., 2002), supporting the hypothesis that infection
occurs most likely under high concentrations of host and symbiont cells. It might be possible,
that in most of my experimental treatments, host-symbiont encounter rates were too low and
bacteria died before they have been ingested by potential hosts. Additionally, in some cases,
C. taeniospiralis might have failed to escape food vacuoles, as this escape was shown to be
an important part of the infection mechanism for several bacterial symbionts (Kawai and
Fujishima, 2000; Welch et al., 2012). Also in nature high host and bacteria densities most
likely do not occur and Caedibacter depends almost exclusively on vertical transmission (Preer
et al., 1974; Landis, 1981, 1987; Kusch et al., 2002; Kusch and Görtz, 2006; Schrallhammer
and Schweikert, 2009). Thus, exploiting the host, and therefore eventually killing it might
lead to an extinction of the symbiont (Kusch and Görtz, 2006). However, under laboratory
conditions and despite of their negative cost, the killer trait can be considered an advantageous
tool for its host to possibly outcompete sensitive paramecia (Schmidt et al., 1987; Kusch
et al., 2002; Linka et al., 2003). Thus, in accordance with Ewald (1987), who proposed that
“vertically transmitted symbionts should evolve towards benign parasitism and mutualism”,
this host-symbiont association could be judged as benign parasitism. Nevertheless, the true
outcome of host-symbiont associations always has to be seen in an environmental context, and
can therefore differ in a wide range between mutualism and parasitism (Pond et al., 1989).
Surprisingly, the herein detected C. taeniospiralis infection after experimental treatment of
uninfected host with C. taeniospiralis-containing inocula was observed inside the macronucleus
of both Paramecium species. Infection in Paramecium usually occurs after bacteria were
ingested by phagocytosis (Görtz, 2001). Some Rickettsiales pathogens are able to actively
trigger the up-take by their host cells (Martinez, 2012). Later, infectious bacteria either
actively penetrate the phagosomal membrane and escape into the cytoplasm (e.g. Tilney and
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Portnoy, 1989; Stamm et al., 2003; Welch et al., 2012; Celli and Zahrt, 2013) or they reorganise
the host vacuole according to their needs (Creasey and Isberg, 2014). C. taeniospiralis was
described as cytoplasmic endosymbiont (Preer et al., 1974), and was never found to invade
the macronucleus up to now. Many bacterial pathogens actively manipulate their host’s
metabolism to suppress defence mechanisms and support their own growth (Bhavsar et al.,
2007; Alto and Orth, 2012; Carlyon, 2012; Eisenreich et al., 2013; Escoll et al., 2016). Therefore,
different bacterial effector proteins can target several host cell compartments, among which is
also the nucleus (Escoll et al., 2016). As obligate intracellular symbiont, C. taeniospiralis might
show the same invasion regulatory mechanisms to support its growth inside a Paramecium
cell. P. tetraurelia 51apo as a formerly infected strain might have acquired some resistance
to a new infection as shown for Holospora (e.g. Fokin and Skovorodkin, 1997; Lohse et al.,
2006; Fokin and Görtz, 2009), whereas P. biaurelia US_Bl 3III2 might be more difficult
to colonize, since it is not the original host species. However, C. taeniospiralis may have
been able to escape these unfavourable conditions by entering the macronucleus instead
of the cytoplasm. Bacteria invading the nucleus of their hosts were observed in various
groups—from protists to mammalian species (reviewed in Schulz and Horn, 2015). This
specific cell compartment provides several advantages as habitat. The nucleus offers not only
easily accessible nutrients, but also shelter from xenophagic processes as they take place in the
cytoplasm (Huang and Brumell, 2014; Schulz and Horn, 2015). So far, two different genotypes
of C. caryophilus residing in different Paramecium hosts were found to colonize either the
cytoplasm (in P. novaurelia) or the macronucleus in P. caudatum (Schmidt et al., 1987;
Euzéby, 1997; Pond et al., 1989; Kusch and Görtz, 2006). Several other symbionts colonizing
the nuclei of Paramecium have been described, such as “Caedibacter macronucleorum” (Fokin
and Görtz, 1993; Schrallhammer et al., 2006), Holospora spp. (Görtz and Schmidt, 2005), and
“Ca. Trichorickettsia mobilis” (Vannini et al., 2014). The latter seems to be able to escape the
macronucleus to overcome unfavourable conditions (E. Sabaneyeva, personal communication).
Also “Candidatus Paraholospora nucleivisitans” (Eschbach et al., 2009) is able to migrate
between the cytoplasm and the macronucleus of its host. Usually, this symbiont is found in
the cytoplasm, but in approximately 10% of the cells, it inhabits the macronucleus. During
autogamy, endonuclear bacteria are forced to escape into the cytoplasm. It is not completely
clear, why “Ca. Paraholospora nucleivisitans” invades the macronucleus, but the authors
suggested that unfavourable conditions such as starvation might be the cause (Eschbach
et al., 2009). This behaviour is also known from some Rickettsia species (Burgdorfer et al.,
1968; Burgdorfer and Brinton, 1970; Simser et al., 2002; Whitworth et al., 2003). Although
these are all examples of Alphaproteobacteria, which include various highly specific pathogens,
intracellular bacteria of other groups such as C. taeniospiralis (Gammaproteobacteria) might
be able to colonize different compartments of their host cells as well.
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3.5. Conclusions and outlook
Although vector properties of H. caryophila have not been proven in this experiments, this
species can not be excluded as potential vector organism. Further experiments should be
performed to investigate vector potential of H. caryophila by combining infection experiments
involving food bacteria (as for H. obtusa in Fokin et al., 2003, 2004b, 2005) and co-transmission
experiments with other Paramecium symbionts.
For C. taeniospiralis it was possible to show rare events of vector-independent horizontal
transmission on intra- and interspecific levels. Thus, at least the here tested C. taeniospiralis
genotypes are still able to take advantage of the positive effects of a mixed vertical and
horizontal transmission to relieve their distribution from host reproduction and to push co-
evolutionary processes (Ebert, 2013). However, the phenomenon of C. taeniospiralis infecting
the macronucleus of P. biaurelia and P. tetraurelia is an interesting and unexpected outcome
worth to further investigate. It poses questions concerning the fate of infection (i.e. if infection
of the macronucleus is a temporary or stationary stage), as well as (environmental) factors
and molecular mechanisms leading to the compartment switch. Further infection experiments
are needed to collect more data on the infection process of C. taeniospiralis to replicate
macronuclear infection and to track the infection fate. Experiments focussing on different
environmental stressors could reveal the importance of habitat switch inside the host cell to
overcome stressful periods.
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4. The impact of abiotic stress on
Paramecium-endosymbiont systems
4.1. A short ecological introduction to environmental stress
The ultimate objective of every organism is to maintain its own life in order to pass its genes
to the next generation. Therefore, an organism living in a changing environment needs to
stabilize its internal milieus (Bernard, 1865) to keep up “homeostasis” (Cannon, 1929). The
interaction of abiotic factors related to the habitat (e.g. temperature, pH, salinity) and biotic
relationships (e.g. different food sources, competition, predation, symbiosis) determine a
species distribution, thus for each factor, a species shows its own tolerance range. On the basis
of the “ecological niche” defined as the type of habitat, which certain species need for their
survival (Grinnell, 1917), the “fundamental niche” is the hypothetical state of the environment
considering all factors which allow a species to exist (Hutchinson, 1957). Any environmental
change that seriously endangers homeostasis is considered a “stressor” and triggers a certain
stress response of an organism (e.g. Selye, 1956; Csaba, 2015). These responses can be
distinguished in a general stress response and specific mechanisms for different stressors
(Święciło, 2016). The common environmental response is generally characterized by inhibition
of genes responsible for cell growth, whereas genes involved in proteolysis and repair of
damaged proteins, oxidative damage prevention and reorganization of cellular structures to
maintain homeostasis are upregulated (for review see Święciło, 2016). On the contrary, the
specific stress response activates pathways of defence and repair mechanisms for particular
stressors (Kasuba et al., 2015; Święciło, 2016). Generally, stressors can either slow down cell
growth (mild stress with sublethal effect) or inhibit cell growth as severe stress with effect
on cell structure and function (Święciło, 2016). Moreover, different kinds of stress responses
can have a protective effect against combined stressors (Fujita et al., 2006; Hutchison, 1915;
Święciło, 2016). Only if the environmental changes are too severe to recover homeostasis,
the cells die or undergo apoptosis (Kasuba et al., 2015; Galluzzi et al., 2016; Święciło, 2016).
However, uni- and multicellular organisms show the plasticity to acquire resistance to certain
stressors by adaptation to mild stress (e.g. Ikeda and Tsukuda, 1989; Khlebovich et al., 1999;
Durrant and Dong, 2004; Scholz et al., 2005; Hecker et al., 2007; Kensler et al., 2007; Mitchell
et al., 2009; Duncan et al., 2011c). This process allows the organisms not only to survive in
a changing environment but also to colonize other habitats by stepwise adaptation, which
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might lead on a longer time scale to the manifestation of these changes on a genetic level by
speciation processes.
In symbiotic systems involving two or more associated organisms, stressors might have
more complex effects due to the nature of the species relationships. The introduction of an
additional stress to an already stressed host (e.g. due to an infection with a parasite) might
have severe consequences for the host. However, in many cases the presence of symbionts
(even if considered parasites) can have positive effects on stress response and survival of
critical conditions for the host as well (e.g. Smurov and Fokin, 1998; Hori and Fujishima,
2003; Hori et al., 2008; Fellous and Salvaudon, 2009; Duncan et al., 2010). On the contrary,
a potential host organism living in a strongly changing and thus, stressful environment might
be more prone to be infected by symbionts (Hypothesis 6). In general, the result of additional
stress in such relationships can only hardly be predicted and depends strongly on a complex
interaction of these organisms among each other and with abiotic factors involved. In regard
of climate change and anthropogenic influenced environments, it is important to examine the
effects of stress on organisms in general and host-endosymbiont relationships in particular.
Especially in the latter case, these findings can help to better understand the nature of these
interactions, epidemiological effects, and underlying ecological and molecular mechanisms.
Therefore, I performed a number of different infection experiments involving some abiotic
factors as stressors to understand their influence on Paramecium-endosymbionts systems and
their potential effect on symbiont transmission.
4.2. Salinity stress might influence the transmission of
bacterial Paramecium endosymbiont “Candidatus Megaira
polyxenophila”
4.2.1. Introduction
Ciliates belong to the most complex protists showing several particular features, such as a
strict genetic separation of somatic and germ line due to the presence of structurally and
functionally different nuclei, the presence of a highly complex ciliary system for locomotion,
and the presence and still largely mysterious function of different trichocyst types (Allen,
1988 and Chapter 1). One of the most fascinating organelles, however, is the contractile
vacuole (CV): a pulsating sack responsible for osmoregulation and excretion of metabolites
(Heuser et al., 1993; Allen, 2000; Stock et al., 2001). The organelle periodically expels water,
which entered the cell beforehand due to the increased cytosolic osmolarity in contrast to the
environment. It is attached to a fluid-collecting membrane complex, called the spongiome
(Allen, 2000). The CV as an organelle of a single-celled eukaryote is rather complex in structure
and its function has not yet been entirely understood (Allen, 2000; Allen et al., 2008; Plattner,
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2015). P. multimicronucleatum shows an intracellular osmolarity of ∼ 75mOsmol/L under
normal external conditions (4−64mOsmol/L). If the cell is transferred to concentrations
higher than its own osmolarity, it regulates the discrepancy by a stepwise increase of its
internal osmolarity within a few hours (Stock et al., 2001; Allen et al., 2008). On the contrary,
the cytosolic osmolarity of Tetrahymena pyriformis increases linearly keeping the cytosol
constantly hypertonic (Stoner and Dunham, 1970; Dunham and Kropp, 1973).
However, experiments to measure cell osmolarity were mainly performed in succrose or
sorbitol to change osmolarity of the testing solution (Stoner and Dunham, 1970; Stock et al.,
2001, 2002). Osmotic stress induced by changes in salinity concentration might have more
complex effects due to the bioactivity of salt ions. K+ and Cl− for example are the major
osmolytes regulating the cytosolic osmolarity in Paramecium (Stock et al., 2002). Ca2+ is
involved in ciliary movement and thus, locomotion (Eckert, 1972; Nakaoka et al., 1984; Lansley
and Sanderson, 1999), but seems to be also necessary for membrane fusion processes in the
contractile vacuole complex (CVC; includes CV and spongiome) (Plattner, 2015). Sodium ions
(Na+) have significant direct effects on membrane excitation (Satow and Kung, 1974; Hansma,
1979; Oami and Takahashi, 2004), and indirectly over Na+-dependent Ca2+ conductance
(Oami and Takahashi, 2004). Furthermore, Na+ seems to be involved in regulating the
beating frequency of the CV (Frixione and Pérez-Olvera, 1985). Generally, ion composition
and concentration of the surrounding medium influence the type and intensity of sub-lethal
response (Zalizniak et al., 2006).
Salt stress, and thus osmotic stress, plays an important role in brackish habitats. Some
studies indicated that osmotic stress can increase the frequency of bacterial infections found in
protists (Fokin and Sabaneyeva, 1990; Smurov and Fokin, 1998). Moreover, some symbionts
were shown to increase the salinity tolerance of their host organisms (Smurov and Fokin,
1998; Duncan et al., 2010). It might be possible that stressful conditions (e.g. raised or
changing salinity concentrations) affect the vulnerability of host organisms to new infections
with endosymbionts, and that the infection rate and prevalence of possible endosymbionts
differ between stressed and unstressed hosts (see Hypothesis 6). To test these hypotheses,
I performed both, fitness and infection experiments, involving paramecia infected with the
model organism Holospora and the widely distributed bacteria “Ca. Megaira polyxenophila”.
4.2.2. Material and Methods
Experimental cultures: Infected and symbiont free cultures
The experiments focussed on examining the effect of osmotic stress induced by a variation
in salinity concentrations on both, host fitness and symbiont transmission, of the recently
described cytoplasmic endosymbiont “Ca. Megaira polyxenophila” (Rickettsiales). Culture
P. pentaurelia YE9 infected by these bacteria was sampled by Yana Eglit in Indiana (USA).
“Ca. Megaira polyxeno-phila” is a widely distributed endosymbiont inhabiting different host
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organisms (Schrallhammer et al., 2013). Two P. biaurelia cultures infected by Holospora
caryophila were used as positive control for symbionts showing horizontal transmission (see
also Chapter 3). The symbiont free cultures P. biaurelia FGC3 AB and HC+ AB (both
antibiotics cured), as well as P. pentaurelia YE4 (lost the infection by chance) were used as
comparative cultures in fitness assays (Tab. 4.1). According to COI gene sequences, YE9
and YE4 are 100% identical. However, since YE4 does not derive directly from YE9 due
to antibiotics treatment as for FGC3 AB and HC+ AB, it will be considered as different
genotype. Additionally, P. caudatum Mg5 and P. duboscqui BB8 were chosen as acceptor
cultures for the infection experiments under salinity stress (Tab. 4.1).
All cultures were kept under laboratory conditions for several months or years. They
were maintained at room temperature with 0.25% CM inoculated with Raoultella planticola.
Exceptionally, P. duboscqui BB8 was grown in 5h salt water enriched with Walne’s medium
(Walne, 1970), and inoculated with the unicellular green algae Dunaliella salina.
Preparation of salinity stocks and working solutions
Based on preliminary experiments, different salinity concentrations were chosen to induce
osmotic stress, 1.8h, 4.5h and 6.0h respectively. Therefore, salt stock solutions concen-
trated four times higher than the respective working solutions were prepared from Tropic
Marin® sea salt (St. Niklausen, Switzerland) diluted in ultrapure water (Milli-Q®, Merck
Millipore, Merck KGaA, Darmstadt, Germany). Working solutions derived from the stocks by
diluting them 1:4 with 0.25% CM (inoculated with R. planticola) were used for performing
the experiments as well as feeding during the experiments. For treatments without salinity
(0h), sterile 0.25% CM was used instead of salinity stock solution, and diluted 1:4 with
inoculated CM.
Determination of growth of infected and symbiont free Paramecium cultures under
osmotic stress
In pre-experiments, different genotypes of species P. primaurelia, P. biaurelia, P. pentaurelia,
P. caudatum, and P. duboscqui were exposed to osmotic stress ranging between 0h and 9h
salinity. The concentrations 7h and 9h turned out to drastically harm P. primaurelia,
P. biaurelia, P. pentaurelia, and P. caudatum. Observed cells did not show any growth and
finally died. As a species being adapted to brackish environments, P. duboscqui showed an
increase in cell number in all tested salinities.
According to these findings, the growth of “Ca. Megaira” bearing culture YE9, the
H. caryophila infected cultures FGC3 and HC+, and the symbiont free counterparts YE4,
FGC3 AB and HC+ AB were tested under different salinity concentrations. Ten cells of
each culture were transferred into wells of glass depression slides containing 500 µL of the
desired salinity working solution (0h, 1.8h, 4.5h and 6.0h). For salinity concentrations
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Table 4.1.: Infection status and origin of the experimental Paramecium isolates for transmission
experiments under salinity stress. AB cultures derived from formerly infected genotypes,
and were obtained through antibiotics treatment. The only exception was P. pentaurelia
genotype YE4, which was infected by “Ca. Megaira polyxenophila” but lost its infection
during maintenance of the culture. Ca. stands for Candidatus.
Host Isolate
(short cut)
Endosymbiont Sampled by Location
P. biaurelia FGC3 H. caryophila S. Galati Calabria, Italy
HC+ H. caryophila S. Fokin Münster, Germany












P. pentaurelia YE9 “Ca. Megaira
polyxenophila”





Y. Eglit Bloomington, IN,
USA











4.5h and 6.0h, the cells were pre-adapted over night in 2.5h salinity before starting the
experiment. Each culture and salinity combination was tested in triplicate. The number of
swimming cells was counted once a day over the period of one week.
Data visualization and statistical analyses of the growth data were performed in the free
software environment R (R Core Team, 2016). The software package “growthrates”, especially
developed to estimate and compare growth related, experimental data (Petzoldt, 2016), was
used to fit the Baranyi growth model (Baranyi et al., 1993) to the obtained data. This
allowed the simultaneous calculation of the maximal growth rate µmax and the carrying
capacity K of each combination of treatments, taking into account the possible occurrence
of a lag-phase in the beginning of the experiment. K was chosen as value of interest and to
ensure comparability to co-cultivation experiments (see below), in which the calculation of K
was important to understand the dynamics of co-cultivated species. ANOVA of K was used to
estimate the significance of the observed effects induced by salinity and infection. Therefore,
Akaike information criterion (AIC) was used to determine the model which might explain the
effects the best.
Co-cultivation experiments to detect transmission under osmotic stress
Before starting the experiment, cell density of the experimental cultures was determined to
ensure comparable conditions for each experimental culture: 1mL of each living culture was
fixed in 1.5mL Eppendorf tubes filled with 10 µL Bouin solution and a variable sub-volume
was counted in six replicates in counting chambers. The mean number of cells per 1mL was
calculated, and based on this number, cultures were diluted with 0.25% CM to the density
of the culture with the lowest density.
Based on pre-experiments for determining the salinity tolerance of the chosen Paramecium
species and genotypes, three salinity concentrations were tested to monitor the occurrence of
possible transmission of “Ca. Megaira polyxenophila” and H. caryophila under osmotic stress:
0h (no osmotic stress), 1.8h (weak osmotic stress), and 4.5h (strong osmotic stress). Each
donor culture (P. pentaurelia YE9 and P. biaurelia HC+) was mixed in a proportion of
1:2 with a symbiont free, easily distinguishable receiver culture, either P. caudatum Mg5 or
P. duboscqui BB8, in a total volume of 3mL (“co-cultivation treatments”), and was transferred
into small cell culture flasks. Additionally, controls for each culture were prepared by mixing
the single cultures with 0.25% CM in the same ratio. For inducing the osmotic stress,
4.25mL of either 0.25% CM or the respective salt stock solution was mixed with 12.75mL of
inoculated CM, and added to each treatment (resulting in a total volume of 20mL). Three
replicates were prepared for each combination of salinity and cultivation type. The cell
culture flasks were stored in humid chambers at 20 ◦C. 1mL of each culture was fixed in 10 µL
Bouin’s solution weekly over the period of 11 weeks. Initially, cultures were fed twice a week
by discarding 1/4 of the volume and adding the respective salinity working solution mixed
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Table 4.2.: General and specific probes used for monitoring the transmission of “Ca. Megaira
polyxenophila” and H. caryophila in co-cultivation treatments under osmotic stress by
fluorescence in situ hybridization.
Probe name Target organism Sequence Reference






















with inoculated 0.25% CM. After four weeks, cultures were fed on a weekly base directly
after sampling. Cell densities were counted by distinguishing donor and receiver species
by morphological characteristics (Fokin, 1011). Growth data were analysed as previously
described. Additionally, Bouin-fixed cells were transferred on microscopic slides and prepared
for FISH using 10 ng/µL of each probe, EUB338 (fluorecein-labelled), a species specific probe
(either Cy3-labelled MegPol436 or HoloCar1257, according to the involved symbiont), and
PAUR588 (Cy5-labelled) designed to target the eukaryotic SSU rRNA of all members of the
P. aurelia complex (Tab. 4.2).
Data visualization and statistical analyses of the growth data of co-cultivation experiments
were performed in the free software environment R (R Core Team, 2016). The software package
“growthrates”, especially developed to estimate and compare growth related, experimental
data (Petzoldt, 2016), was used to fit a model with exponentially decreasing carrying capacity
(K) over time (t) considering the initial cell number (y0)
y =
K ∗ exp(dK ∗ t) ∗ y0
(y0 + (K ∗ exp(dK ∗ t)− y0) ∗ exp(−µmax ∗ t)
(4.1)
This equation allowed K to increase, stay constant or decrease by setting dK . However, to
ensure determination of K, lower and upper limits were defined within reasonable boarders.
The data set was split into four subsets including each co-cultivation treatment (YE9 x Mg5,
YE9 x BB8, HC+ x Mg5 or HC+ x BB8) with their single grown controls (YE9, HC+, Mg5
and BB8). Additionally, the sum of the number of counted cells was calculated for the two
species involved in co-cultivation (see Appendix Figures A.11, A.12, A.13, A.14) and was
then treated as a third species replacing the counting data of the two co-cultivated species.
For each subset, the model was fit independently and AIC and ANOVA were used to estimate




Influence of osmotic stress on infected and symbiont free P. biaurelia cultures
Growth of P. biaurelia and P. pentaurelia experimental cultures was directly influenced by
salinity, genotype, and infection (Fig. 4.1, Tab. 4.3, model fits are shown in Appendix Figure
A.2-A.4). Additionally, interaction effects occurred between genotype and salinity, genotype
and infection, as well as genotype, salinity and infection (Tab. 4.3). Species information
(P. biaurelia vs. P. pentaurelia) did not affect K and was out-selected by AIC analysis
(see Appendix Table A.1 and Figure A.1). However, species information is encoded also
in genotype information: not all genotypes performed the same during the experimental
treatments. In general, YE9, FGC3 and FGC3 AB reached higher cell densities and K than
YE4, HC+ and HC+ AB at no and low salinity stress (Fig. 4.1; for calculated values of
µmax and K see Appendix Table A.2, Figure A.1, A.2, A.3, A.4). While FGC3 (infected) and
FGC3 AB (uninfected) are more or less similar in growth, the Holospora infected genotype
HC+ grew better than the cured counterpart HC+ AB, and reached approximately twice as
much cells after 7 d of growth (Fig. 4.1). The “Ca. Megaira” infected species P. pentaurelia
YE9 grew faster and reached higher maximal cell numbers than YE4 at no and low osmotic
stress. However, at high salinity concentrations both cultures grew similar. The effect of
increasing salinity concentration seems to be highest for YE9 and YE4 (Fig. 4.1). AIC results
of different applied models (Appendix Table A.1) indicated one model to explain the data the
best involving salinity concentrations, genotype information, replicate and infection status as
factors with interaction (model m5: K ∼ salinity * genotype * replicate * infection).
Transmission under salinity stress
In co-cultivation experiments over a long period of 77 d, culture densities usually undulated
around a species or genotype specific value (Fig. 4.2 and 4.3). The best growing species in
these experiments was P. duboscqui BB8, which reached cell densities of about 600 cells/mL
in the controls. In the second half of the experiment, cell density of BB8 started to decline
in controls. However, in co-cultivation, P. duboscqui showed approximately the same cell
densities than the infected donor species P. pentaurelia YE9 and P. biaurelia HC+ with the
tendency of growing better under high salinity concentrations. P. caudatum on the contrary,
grew slower in controls and equally slow in co-cultivation as both P. aurelia species. In
high osmotic stress treatments involving P. caudatum Mg5, all replicates of the experimental
cultures (co-cultivation and Mg5 control) declined in density and most got extinct at the end
of the experiment (Fig. 4.2 and 4.3).
Presence of Holospora and “Ca. Megaira” in the donor cultures HC+ and YE9 was
confirmed by positive signals of the specific probes HoloCar1257 and MegPol436, respectively,




Table 4.3.: Analysis of variance of carrying capacity K explained by different salinity concentrations,
genotypes, infection status, and replicates; Df–degrees of freedom; Sum Sq–Sum of
squares; Mean Sq–Mean squares; Pr(>F)–probability value associated with the F value.
Significance codes (Sig): 0–‘***’, 0.001–‘**’, 0.01–‘*’, 0.05–‘.’, 0.1–‘ ’.
Factor Df Sum Sq Mean Sq F value Pr(>F) Sig
salinity (sal) 1 3909.4 3909.4 31.434 9.944e-07 ***
genotype (gen) 3 3388.1 1129.4 9.081 7.209e-05 ***
replicate (rep) 1 230.9 230.9 1.857 0.179
infection (inf) 1 4695.6 4695.6 37.7559 1.507e-07 ***
sal:gen 3 1506.1 502.0 4.037 0.0122 *
sal:rep 1 258.0 258.0 2.0749 0.15623
gen:rep 3 145.1 48.4 0.389 0.762
sal:inf 1 254.5 254.5 2.0461 0.159
gen:inf 1 4652.5 4652.5 37.410 1.665e-07 ***
rep:inf 1 117.2 117.2 0.942 0.337
sal:gen:rep 3 519.1 173.0 1.391 0.257
sal:gen:inf 1 0.8 0.8 0.007 0.936
sal:rep:inf 1 758.8 758.8 6.101 0.0171 *
gen:rep:inf 1 131.6 131.6 1.058 0.309
sal:gen:rep:inf 1 347.9 347.9 2.798 0.101
residuals 48 5969.6 124.4
experiments (data not shown). While no transmission could be detected in the first half of the
experiments. The positive signal of probe MegPol436 in both acceptor species (P. caudatum
and P. duboscqui) after 42 d under weak osmotic stress indicated a possible transmission event
of “Ca. Megaira” from donor to acceptor species (Fig. 4.4 and 4.5). The EUB338 signal,
however, showed a high background fluorescence and thus, has to be rated as ambiguous.
For treatments without osmotic stress, no positive signal of MegPol436 was observed in both
acceptor species at any time point. On the other hand, at high osmotic stress, the positive
signal of the species specific probe MegPol436 disappeared from donor species YE9 as well
(Fig. 4.6). In contrast to “Ca. Megaira” co-cultivation, no positive signal of HoloCar1257
was observed in the acceptor species at any time point of the experiment at no and low
osmotic stress (data not shown), whereas only a few Holospora bacteria were observed in the
macronucleus of HC+ at high osmotic stress (Fig. 4.7).
The four different co-cultivation subsets were explained by different parameters. Counting
data involving the combinations of co-cultivation P. pentaurelia YE9 and P. caudatum Mg5,
as well as P. biaurelia HC+ and P. dubsocqui BB8 were explained by an effect of salinity
and species (model m9: K ∼ salinity + species; Tab. 4.4, Appendix Table A.3 and A.4,
Appendix Figure A.7 and A.10). Although salinity was involved in explaining the data of
co-cultivation of YE9 and Mg5 (AIC results, Appendix Table A.3), it did not affect the
carrying capacity K significantly (Tab. 4.4). On the contrary, the species information did
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Table 4.4.: Analysis of variance of carrying capacity K explained by different salinity concentrations
and species information of the co-cultivation subsets YE9 x Mg5, YE9 x BB8, HC+ x
Mg5 and HC+ x BB8; Df–degrees of freedom; Sum Sq–Sum of squares; Mean Sq–Mean
squares; Pr(>F)–probability value associated with the F value. Significance codes (Sig):
0–‘***’, 0.001–‘**’, 0.01–‘*’, 0.05–‘.’, 0.1–‘ ’.
Factor Df Sum Sq Mean Sq F value Pr(>F) Sig
YE9 x Mg5: K ∼ salinity + species (m9)
salinity (sal) 1 243999 243999 2.1324 0.157741
species (spec) 2 1401098 700549 6.1223 0.007384 **
residuals 23 2631771 114425
YE9 x BB8: K ∼ species (m6)
spec 2 4810435 2405218 22.238 3.437e-06 ***
residuals 24 2595853 108161
HC+ x Mg5: K ∼ salinity * species (m2)
sal 1 179442 179442 1.1776 0.29014
spec 2 1272988 636494 4.1772 0.0297 *
sal:spec 2 1101673 550836 3.615 0.04475 *
residuals 21 3199855 152374
HC+ x BB8: K ∼ salinity + species (m9)
sal 1 1453063 1453063 5.4271 0.02883 *
spec 2 1204785 602392 2.2541 0.12766
residuals 23 6146702 267248
not contribute significantly to K in co-cultivation of HC+ and BB8 (Tab. 4.4). However, in
co-cultivation of P. pentaurelia YE9 and P. duboscqui BB8 only the species information had
an effect on K and model m6 (K ∼ species) was selected by AIC results (Tab. 4.4, Appendix
Table A.3 and A.4, Appendix Figure A.8), while in co-cultivation of P. biaurelia HC+ and
P. caudatum Mg5 the interaction of salinity and species played a role, too (model m2: K ∼
salinity * species; Tab. 4.4, Appendix Table A.3 and A.4, Appendix Figure A.9).
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Figure 4.2.: Growth of donor culture P. pentaurelia YE9 (red solid lines) in co-
cultivation with P. caudatum Mg5 (black solid lines), P. duboscqui BB8 (grey solid
lines) and control cultures (dotted lines). Growth was examined over 11 weeks at 0h,
1.8h and 4.5h salinity. Whiskers indicate the standard deviation.
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Figure 4.3.: Growth of donor culture P. biaurelia HC+ (green solid lines) in co-
cultivation with P. caudatum Mg5 (black solid lines), P. duboscqui BB8 (grey solid
lines) and control cultures (dotted lines). Growth was examined over 11 weeks at 0h,
1.8h and 4.5h salinity. Whiskers indicate the standard deviation.
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Figure 4.4.: FISH observation of acceptor species P. caudatum Mg5 cultivated under
weak salinity stress. 42 d after starting the experiment at 1.8h salinity, universal
bacterial probe EUB338 (A, green fluorescence signal) shows high background signal.
Probe MegPol436 specific for “Ca. Megaira polyxenophila” (B, red signal) might indicate
the presence of symbiotic bacteria (white arrow). Negative blue fluorescence signal of
probe PAUR_588 (C; for comparison to positive signal of probe PAUR_588 see Fig.
4.6 and Fig. 4.7) specific for members of the P. aurelia group indicate the cell to be
the acceptor species P. caudatum. D) as overlay of all signals. Scale bar: 10µm
Figure 4.5.: FISH observation of acceptor species P. duboscqui BB8 cultivated at 1.8h
salinity. 42 d after starting the experiment, universal bacterial probe EUB338 (A,
green fluorescence signal) shows high background signal. Probe MegPol436 specific for
“Ca. Megaira polyxenophila” (B, red signal) might indicate the presence of symbiotic
bacteria (white arrow). Negative blue fluorescence signal of probe PAUR_588 (C; for
comparison to positive signal of probe PAUR_588 see Fig. 4.6 and Fig. 4.7) specific for
members of the P. aurelia group indicate the cell to be the acceptor species P. duboscqui.
D) as overlay of all signals. Scale bar: 10µm
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Figure 4.6.: FISH observation of the loss of “Ca. Megaira polyxenophila” from the
cytoplasm of P. pentaurelia YE9 at high salinity stress. 42 d after starting the
experiment, universal bacterial probe EUB338 showed a high background signal (A,
green fluorescence). However, the faint red signal (B, and in overlay D) obtained by
MegPol436 specific for “Ca. Megaira polyxenophila” does not indicate the presence of
any bacterial symbionts. Blue fluorescence (C) emitted by probe PAUR_588 specific
for members of the P. aurelia complex. Scale bar: 10µm
Figure 4.7.: FISH observation of a few H. caryophila cells scattered inside the macronu-
cleus of P. biaurelia HC+ at high salinity stress. 42 d after starting the exper-
iment, green fluorescence signal (A) obtained by universal bacterial probe EUB338
indicates the presence of food bacteria inside food vacuoles (white arrow) and addition-
ally the presence of a few bacteria inside the macronucleus. Probe HoloCar1257 specific
for H. caryophila (B, red signal) confirms the macronucleic bacteria as H. caryophila.
Blue fluorescence (C) emitted by probe PAUR_588 specific for members of the P. au-
relia group targets the ribosome’s small subunit, thus indicating the position of the





Brackish habitats are stressful and rapidly changing environments, especially concerning water
salinity and temperature (Remmert, 1989; Tischler, 1990; Cognetti and Maltagliati, 2000).
For a long time, brackish waters were considered to have a low species diversity (Remmert,
1989; Tischler, 1990). Surprisingly, these habitats show a rather high biodiversity due to
the occurrence of cryptic species and genetic divergence on population levels (Cognetti and
Maltagliati, 2000), indicating the plasticity of most species to deal with changing environmental
conditions up to a certain level (Ikeda and Tsukuda, 1989; Durrant and Dong, 2004; Mitchell
et al., 2009; Duncan et al., 2011c). However, plasticity can be positively or negatively
influenced by various factors such as genotype or infection with symbionts (Smurov and Fokin,
1998; Duncan et al., 2010). In fitness experiments of infected vs. uninfected paramecia, salinity
influenced the carrying capacity (K) of the tested genotypes as expected: with increasing
salinity usually a decrease in K was observable (see Tab. 4.3 and Fig. 4.1). Additionally,
K was significantly different between the tested Paramecium genotypes (FGC3, HC+, YE9
and YE4). P. biaurelia FGC3 and P. pentaurelia YE9 seem to be fast growing genotypes
reaching higher K, whereas P. biaurelia HC+ and P. pentaurelia YE4 grew slower in general
(with lower K). One exception occurred for HC+ at 6h in replicate 1 based on the model
fit. In this case, the obtained growth data did not reach a plateau, thus the model probably
overestimated the K-value (K was estimated as 120 cells, see Appendix Table A.2). Most
likely, the true value lay much below. However, statistical analyses support also the effect of
infection on the carrying capacity of paramecia. It seems not possible to define a common
behaviour of infected genotypes in comparison with uninfected ones (e.g. infected genotypes
generally reach lower K than symbiont-free genotypes). However, the results indicate, that at
no and low salinity stress, “Ca. Megaira polyxenophila” might have supported the growth
of P. pentaurelia YE9 compared to the symbiont-free genotype YE4. To exclude, that this
difference might be a genotype effect (as YE9 and YE4 are considered different, even that they
show the same COI haplotype), it would be advisable to repeat these growth experiments
with an antibiotics cured YE9 culture. No difference in growth performance seems to exist for
Holospora infected P. biaurelia FGC3 infected compared to the cured culture FGC3 AB. On
the contrary, the H. caryophila infected HC+ culture reached higher carrying capacity values
in all salinities than the cured one. The different response of infected and cured cultures
between HC+ and FGC3 might be caused by the different involved genotypes, either of the
host or the endosymbiont. It might be possible that HC+ shows a lower tolerance to salinity
stress compared to FGC3. Such genotype differences within a Paramecium species have been
shown in the past for different environmental stressors (Duncan et al., 2010; Krenek et al.,
2011). Moreover, the symbiont genotypes can have various range of effects on their hosts
(Thomas and Blanford, 2003; Oliver et al., 2005; Nidelet, 2007), e.g. different degrees of
virulence resulting in divergent host growth rates or carrying capacities (Mitchell et al., 2005;
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Dusi et al., 2014). Host and symbiont genotypes are linked with each other in many cases
and always linked to the inhabited environment (Thomas and Blanford, 2003), thus it is not
always possible to distinguish the effects obtained by the respective genotype (Dusi et al.,
2014).
Osmotic stress, as it occurs most often in brackish habitats, may induce transmission of
some bacterial endosymbionts. This work was focused on the examination of the possible
transmission of bacterial symbionts after exposing their protist hosts to salinity stress (Hy-
pothesis 6). “Ca. Megaira polyxenophila”, a rickettsial species found in a various number
of different protist taxa, and the well-known infectious species H. caryophila were used as
candidates of interest. “Ca. Megaira polyxenophila” was detected in ciliates (Vannini et al.,
2005; Sun et al., 2009; Schrallhammer et al., 2013), cnidarians (Fraune and Bosch, 2007;
Sunagawa et al., 2009) and green algae (Kawafune et al., 2012, 2014) of freshwater, brackish,
and marine habitats. Therefore, its broad host range and environmental distribution indi-
cates the possibility of horizontal transmission. With the present data, a possible horizontal
transmission of “Ca. Megaira polyxenophila” is indicated. Here, transmission might have
been induced by a decreased host growth under osmotic stress compared to normal conditions.
Thus, bacterial density inside P. pentaurelia might have been increased up to an unusually
high level and subsequently triggered “Ca. Megaira polyxenophila” to invade new hosts, as
shown for Holospora (Kaltz and Koella, 2003; Fujishima, 2009a). Transmission and infection
of symbiont-free hosts, however, can not be confirmed with absolute certainty, since the FISH
observations are slightly ambiguous. The species specific probe MegPol436 appeared to emit
a positive signal at low salinity stress 42 d after starting the experiment. Unfortunately, this
positive signal was not confirmed by universal probe EUB338 because of low quality results
probably caused by Bouin fixation. Bouin is known to quench fluorescein signal (Imbert et al.,
1999). At high salinity concentrations, “Ca. Megaira polyxenophila” was lost inside the donor
species, preventing the possibility of transmission. As shown for temperature stress (Duncan
et al., 2011b; Dusi et al., 2014), also osmotic stress can lead to the loss of symbionts. Thus,
further experiments need to be performed, especially under low salinity stress, to confirm a
possible horizontal transmission of “Ca. Megaira polyxenophila”. Therefore, different fixatives
like PFA should be used to avoid quenching and it might be also useful to additionally apply
infection experiments with inocula containg “Ca. Megaira polyxenophila” cells.
Surprisingly, no transmission occurred for H. caryophila at any salinity concentration
and time point. P. caudatum is considered a suitable host for H. caryophila (Fokin and
Görtz, 2009), while an infection of P. duboscqui might be blocked due to Holospora’s host
and compartment specificity (Fokin and Görtz, 2009). Thus, I expected an infection of at
least P. caudatum in treatments without salinity stress. Under certain conditions, some
reproductive Holospora cells transform into infectious forms and will be released into the
surrounding medium of their hosts (Kaltz and Koella, 2003; Fujishima, 2009a). Usually, the
availability of food, and thus an efficient growth of Paramecium cells prevent Holospora to
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transform into infectious cells (Kaltz and Koella, 2003; Fujishima, 2009a). It might be possible,
that in control treatments with 0h salinity, paramecia were in such a healthy state, that
there was no necessity for Holospora to produce infectious forms. However, differentiation
of reproductive into infectious forms can be triggered not only by host starvation, but also
by inhibiting host protein synthesis, indicating that Holospora needs some nuclear proteins
for reproduction (reviewed in Fujishima, 2009a). Stressed eukaryotic cells increase, among
others, their production of heat shock proteins (hsp), whose main function is to stabilize,
and thus protect other proteins under stress conditions (de Maio, 1999). Also paramecia use
hsp to overcome stress, for example induced by an increase in salinity concentration (Smurov
et al., 2013). Moreover, paramecia infected with Holospora express high levels of different
hsp-families (Hori and Fujishima, 2003; Hori et al., 2008), and were therefore shown to be
less influenced by the effects of different stressors (Hori and Fujishima, 2003; Hori et al., 2008;
Duncan et al., 2010). This might be an effect of cross-stress resistance caused by the stress
response of the host to its infection with Holospora (Hutchison, 1915; Fujita et al., 2006;
Święciło, 2016). Although growth rates of paramecia might be reduced under low salinity
stress compared to no salinity stress (see Fig. 4.2 and Fig. 4.3), it might have still not
triggered production of Holospora infectious forms. In fact, Holospora supported its host
P. biaurelia as shown for the growth of infected HC+ cells compared to antibiotics-cured
ones (Fig. 4.1). If infectious forms were, however, still produced, they my have not been
able to survive until they were ingested by a Paramecium cell. Alternatively, the increased
general stress response of uninfected paramecia might have protected them from infection
with Holospora. However, under high salinity stress, Holospora was found only occasionally
inside the macronucleus (Fig. 4.7), suggesting that the salinity concentration was too high
for paramecia, to maintain their own growth and additionally to support the growth of a
symbiont (as probably happened for “Ca. Megaira polyxenophila” as well).
Generally in co-cultivation, the sum of the cell numbers of donor and receiver species
was, with a few exceptions, found to fall between the counted cell numbers of the single
control treatments (Appendix Figure A.11, A.12, A.13, A.14). However, calculated carrying
capacity (K) did not always follow the same behaviour (Appendix Table A.4). Although
the selected growth model (formula 4.1) was chosen according to the underlining biological
process, the outcome was probably strongly influenced by the quality of data leading to an
imprecise fitting of the applied growth model and thus, an over- or underestimation of K.
For some combinations, the coefficient of determination was very low and obtained maximal
growth rate µmax and K cannot be considered reliable in these cases. This was most likely
the reason, why the effect of salinity was not as pronounced as for the comparison between
infected and symbiont free paramecia. However, species had a strong effect on K indicating
the two controls and the co-cultivation as a whole showed significant differences in growth
performance. More advanced statistical methods, such as linear mixed-effect models (Zuur
et al., 2009), would be necessary to deal precisely with such growth data. These models would
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be able to recognize overall trends within the data and thus, ensure determination of certain
values which would need to be locked otherwise by lower and upper limits (as for K in the
here used growth model).
Surprisingly, the species did not outcompete each other, and no species was lost in co-
cultivation, while the other was still present. These findings seem to be contradicting to
the “competitive exclusion principle” by Gause (Gause, 1934; Hardin, 1960) to which one of
the co-existing species should go extinct, if the other species shows only slight advantages.
Nevertheless, recent studies revealed that certain species fulfilling the functions of the same
ecological niche in the same ecosystem might be able to co-exist with each other due to
slight changes in species allometry or life histories (Rastetter and Ågren, 2002; Bush and
Clayton, 2006; Harbison et al., 2008; Moll and Brown, 2008). However, in high salinity
concentrations, P. caudatum usually got extinct in the end of the experiment (both, in controls
and co-cultivation), and probably caused the extinction of the donor species P. biaurelia
HC+ and P. pentaurelia YE9 in co-cultivations, while they survived in the controls. In
accordance to the literature, P. caudatum is a eufreshwater species, not able to survive
salinity concentrations higher than 6.0−8.5h (Smurov and Fokin, 1999; Smurov and Fiokin,
2001). In my experiments, P. caudatum survived high salinity stress treatments (4.5h) for
several weeks, but was not able to reproduce, and died later on. The members of the P. aurelia
complex are metafreshwater species and resist up to 12.0−16.0h (Smurov and Fokin, 1999;
Smurov and Fiokin, 2001). According to my results, they were still able to slowly multiply
under applied high salinity stress. On the contrary, the brackish water species P. duboscqui
was not affected by high salinity, and showed constantly high cell numbers in all salinity
treatments in the first half of the experiment. The reduction of the cell number in the end of
the treatment, probably resulted from the choice of unsuitable food. P. duboscqui in laboratory
cultures usually fed on Dunaliella salina—a halophile green algae. The experimental cultures
were solely fed with inoculated CM containing R. planticola as a food source, which was
probably consumed by P. duboscqui, but might have caused some nutrient deficiency after
a longer time period. Although a fast growing species and well-adapted to higher salinity
concentrations, P. duboscqui did not outcompete P. biaurelia or P. pentaurelia in the co-
cultivation cultures. This was probably the result of a combined effect of unsuitable food and
salinity concentrations in contrast to their normal environment (as lab culture).
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4.3. Changes in temperature showed no effect on the infection
of Paramecium biaurelia with two endosymbiotic bacteria
4.3.1. Introduction
Temperature plays an important role as abiotic factor for organisms in all kinds of habitats.
Since life, as we know it, most likely depends universally on water to ensure the transfer of
molecules inside cells, temperature is critical for the success of chemical reactions without
destroying biomolecules (Pace, 2001). Therefore, only a relatively narrow temperature range
between −50 and 150 ◦C can be considered as viable zone (Pace, 2001; Kashefi and Lovley,
2003).
Although temperatures below 0 ◦C do not immediately end up life for unicellular and higher
organisms due to freeze-induced desiccation and vitrification (glass transition), metabolism of
the cells is significantly decreased at sub-zero temperatures and therefore the life-cycle cannot
be completed (Clarke et al., 2013). For both, low and high temperature limits of life, three
species specific temperatures are known to be critical: I) TL as the temperature until the
completion of the organisms life-cycle is possible (for prokaryotes it is defined as cell division,
whereas for sexually reproducing eukaryotes the completion of life-cycle is defined as cycle
from zygote to zygote), II) TM as the temperature at which the organisms metabolism is
still active, and III) TS as the organisms survival temperature (Clarke et al., 2013). For low
temperatures, usually TL is higher than TM is higher than TS . It might be possible that,
in contrast to high temperature limits, TS is never reached for some organisms (Morowitz,
1978). Especially unicellular organisms are able to re-start metabolism, and their life-cycle
once the temperatures increased again. Therefore, it is possible to preserve such organisms at
ultra-low temperatures without any damage by using cryopreservatives (e.g. Fujishima et al.,
1991; Millot and Kaltz, 2006; Krenek and Berendonk, 2009; Clarke et al., 2013). Nevertheless,
low temperatures and especially sub-zero temperatures can induce stress to organisms not
only by reducing the rate of physiological reactions but also by reducing the membrane
fluidity, changing the intracellular pH or losing the macromolecular integrity (summarized
in Clarke et al., 2013). On the other hand, the effect of high temperatures is mainly caused
by irreversible denaturation of proteins and enzymes. In thermophile and hyperthermophile
organisms, these proteins and enzymes are usually stabilized to a certain extend by various
combinations of structural changes or changes in their aminoacid sequences (Berezovsky and
Shakhnovich, 2005). By further increasing the kinetic energy through temperature, also
hyperthermostabilization is limited.
Due to the characteristically slow thermal conductivity of water, aquatic habitats are
more stable to changes in temperature than terrestrial habitats (Lampert and Sommer, 1999).
However, temperatures of each water body change in a daily and seasonal manner, confronting
inhabiting organisms with a certain level of stress. Both, quick and strong changes, e.g. due to
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daily changes in shallow lakes, but also constant and slow changes in deeper water bodies over
a longer period (e.g. caused by climate warming) can have significant effects on inhabiting
organisms as reviewed in Hochachka and Somero (2002). All organisms evolved their specific
thermal niche over time and show different degrees of adaptational plasticity (Hochachka and
Somero, 2002), which can even vary within the same species (Krenek et al., 2011). Thus,
species and populations show both, local and global distributional patterns which are strongly
influenced by temperature (Hochachka and Somero, 2002; Duncan et al., 2011c; Krenek et al.,
2011).
In host-symbiont systems, temperature might not only influence one but both partners
directly or indirectly. Russell and Moran (2006) observed a positive effect of some secondary
bacterial symbionts (Hemiptera) to the survival of short heat stress in early development
of aphids. This effect strongly varied among the symbiotic species and even isolates. The
infectious Paramecium endosymbiont Holospora sp. provides several advantages for its host
to survive temperature stress as well. Due to the interaction with the macro- or micronucleus,
it protects its host from negative effects of both, short cold and heat stresses, which would be
harmful for uninfected cultures (Hori and Fujishima, 2003; Fujishima et al., 2005; Hori et al.,
2008). However, temperature can influence a parasite’s virulence in accordance with the hosts
response (Thomas and Blanford, 2003; Duncan et al., 2010, 2011b). A temperature-induced
increase in virulence was found for several pathogens (e.g. for pathogenic fungi: Inglis et al.,
1996, 1997; Blanford and Thomas, 1999; Thomas and Blanford, 2003; or viruses: Yadava,
1970; Frid and Myers, 2002). While on the contrary, in some systems, high temperatures can
eliminate the endosymbionts, e.g.Wolbachia sp. (Johanowicz and Hoy, 1998; Pintureau and
Bolland, 2001), Buchnera sp. (Montllor et al., 2002), Holospora sp. (Fujishima et al., 1991;
Duncan et al., 2011b), and C. taeniospiralis (Dusi et al., 2014). In the worst case, it could
end up in the host’s death, as observed for amoebae infected with the obligate bacterium
“Candidatus Legionella jeonii” (Jeon and Ahn, 1978; Park et al., 2004). Taking into account
all the various responses of host-symbiont systems to temperature stress, the appearance of
certain symbionts can shape a hosts geographical and seasonal distribution (Smurov and Fokin,
1998; Hori and Fujishima, 2003; Russell and Moran, 2006; Fellous et al., 2011). Temperature
might influence the transmission possibility of endosymbiotic species as well (Hypothesis 6).
Possible explanations are as diverse as the number of host-endosymbiont relationships. For
microsporida in Gammarus duebeni is known, that low temperatures reduce the replication
success relative to the hosts cell division (Dunn et al., 2006). Thus, the endosymbionts might
have reduced success in establishing or maintaining their infection. However, temperature
could influence the host due to harmful effects of low and high temperatures (Fujishima et al.,
2005; Duncan et al., 2011c,b) or through slowing down the hosts defence mechanisms at low
temperatures. To examine the possible effect of low and high temperatures on the establish-
ment of symbiosis, I performed infection experiments of two promising alphaproteobacterial
endosymbionts of Paramecium at six different temperatures ranging from 4 to 32 ◦C.
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4.3.2. Material and Methods
Study system: Endosymbiont bearing and acceptor cultures
Two endosymbiont-bearing cultures were chosen for the experimental approach: Culture
P. pentaurelia YE9 infected with “Ca. Megaira polyxenophila” showed the tendency to
transmit from one host species to another one under salinity stress (see Chapter 4.2). Thus,
this endosymbiont appeared as good candidate for further experiments. The other species of
interest, “Ca. Bealeia paramacronuclearis” (Holosporales ; see Chapter 2.2.3 and Szokoli et al.,
2016a) inhabits the culture P. biaurelia US_Bl 15I1, which derived from a sample of the
Yellow Wood Lake in Indiana (USA, Tab. 2.1). “Ca. Bealeia paramacronuclearis” with its
close relationship to Holospora-like bacteria might be able to develop infectious forms under
specific circumstances, as indicated by TEM observations (Chapter 2.2.3, Szokoli et al., 2016a).
Both endosymbiont-bearing cultures were grown in 0.25% CM inoculated with R. planticola
at room temperature to increase their volume to 1L. Therefore, starting from 20mL of each
culture, the volume was doubled twice a week. One day before starting the experiments, the
occurrence of both endosymbiont species was confirmed by preliminary FISH experiments
using the Rickettsiaceae specific oligonucleotide probes Rick_527 (Schrallhammer et al., 2013)
for “Ca. Megaira polyxenophila” and the species specific probe Bealeia_1245 (Szokoli et al.,
2016a) for “Ca. Bealeia paramacronuclearis”. Inocula were obtained following the protocol in
Chapter 3.2.
Simultaneously, the endosymbiont-free culture of P. biaurelia Opatowice (Opa; Tab. 3.1)
was devided into six subcultures, grown in 40mL cell culture flasks containing 0.25% CM
inoculated with Raoultella. The subcultures were slowly acclimated to the temperatures
of interest (4 ◦C, 10 ◦C, 16 ◦C, 22 ◦C, 28 ◦C and 32 ◦C) in six independent incubators which
were adjusted by increasing or decreasing the temperature about 1.5 ◦C per day until the
experimental temperature was reached. The cultures were kept at their final temperature for
at least two days before starting the experiments. Growth and density of the cultures were
checked daily under a stereo microscope.
Infection experiment under temperature stress
The cell densities of the P. biaurelia Opa cultures at each temperature were determined, and
set to the density of the culture with the lowest density as previously described (Chapter 4.2).
Infection was tested in 2mL Eppendorf tubes by distributing 1mL of each experimental culture
and adding 0.5mL of either ice-cold inoculum (containing either “Ca. Megaira polyxenophila”
or “Ca. Baeleia paramacronuclearis”)for the 4 ◦C, 10 ◦C and 16 ◦C experimental cultures or
inoculum heated to room temperature for the 22 ◦C, 28 ◦C and 32 ◦C experimental cultures.
Three replicates were prepared for each temperature treatment. The tubes were closed
with selfsealing Breath-EASIER membranes (Biozym Scientific GmbH, Hessisch Oldendorf,
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Germany), and stored at the incubators set at the experimental temperatures. Paramecium
cells were fixed on slides with 4% PFA after 2 h, 48 h and 7 d. The possible occurrence of
the infection was checked with FISH following the protocol provided in Chapter 2.1.2. For
hybridization, 10 ng/µL the universal bacterial probe EUB338 (Amann et al., 1990) was used
in combination with 10 ng/µL of one of the specific probes at 0% formamide.
4.3.3. Results
Infection experiment with “Ca. Megaira polyxenophila”
In FISH experiments testing the infectivity of “Ca. Megaira polyxenophila” under temper-
ature stress, positive emission of probe EUB338 was detected only in food vacuoles for all
temperatures at all time points. No positive signal was detected for probe Rick_527, neither
in food vacuoles nor in other parts of the host cell (e.g. cytoplasm or macronucleus) at
any time point and temperature. Thus, no overlapping signal of both probes, EUB338 and
Rick_527, was observed (data not shown).
Infection experiment with “Ca. Bealeia paramacronuclearis”
In contrast to FISH observations of “Ca. Megaira”, a positive signal of probe Bealeia_1245
targeting “Ca. Bealeia paramacronuclearis” was observed in food vacuoles of some cells
fixed 2 h after starting the experiment in all temperatures (Fig. 4.8). 48 h after infection,
only EUB338 emitted a positive signal, whereas Bealeia_1245 remained negative for all
temperatures. However, 7 d after starting the experiments, again a positive signal of both
probes was obtained in a few cells of the 28 and 32 ◦C treatments (Fig. 4.9). Unexpectedly,
the bacterial cells were observed in food vacuole-like structures.
Figure 4.8.: FISH of infection experiments using “Ca. Bealeia paramacronuclearis” in-
oculum. P. biaurelia Opatowice 2 h after infection and at 32 ◦C. Positive signals of the
universal probe EUB338 (A, green signal) and the specific probe Bealeia_1245 (B, red
signal, white arrow) occurred inside food vacuoles of the host. The merge of all signal
including DAPI (C) indicates the relative position of food vacuoles to the macronucleus;
“Ca. Bealeia” occurs yellowish (D, white arrow).99
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Figure 4.9.: FISH of “Ca. Bealeia” infection experiments. P. biaurelia Opatowice 7 d after
infection and at 32 ◦C. Positive signals of the universal probe EUB338 (A, green signal)
and the specific probe Bealeia_1245 (B, red signal, white arrow) occurred inside food
vacuoles of the host. The merge of all signal including DAPI (C) indicates the relative
position of food vacuoles to the macronucleus; “Ca. Bealeia” occurs yellowish (D, white
arrow).
4.3.4. Discussion
Temperature as an abiotic factor significantly affects transmission and prevalence of the
infectious Paramecium symbiont Holospora. The bacteria were shown to be more infectious at
low temperatures (10 ◦C) compared to high temperatures, but further development of infection
was hampered (Fels and Kaltz, 2006). On the contrary, transmission success and prevalence
strongly decreased at higher temperatures (Fels and Kaltz, 2006; Duncan et al., 2011b),
whereas new infectious forms were produced one week after infection at high temperatures.
Other studies confirmed the relationships between epidemiology and temperature regardless
of the direction of the outcome (e.g. Mouritsen, 2002; Thomas and Blanford, 2003; Mitchell
et al., 2005).
In my infection experiments under temperature stress, the Holosporales symbiont “Ca.
Bealeia paramacronuclearis” was surprisingly observed to reside in vacuole-like structures
of P. biaurelia at stressfully high temperatures (32 ◦C) 7 d after starting the experiments.
At other temperatures, no such structures containing the bacteria were found. Although
infection of Paramecium did not occur with absolute certainty, it might be possible that
“Ca. Bealeia” remained in the food vacuoles somehow escaping digestion. Many pathogenic
bacteria such as Salmonella enterica, Legionella pneumophila, Chlamydia trachomatis, and
Mycobacterium tuberculosis, usually reside inside host-derived vacuoles (parasitophorous or
symbiontophorous vacuoles) which they adjust according to their needs (for review see Creasey
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and Isberg, 2014). Recently, it has been shown that some of these vacuolar pathogens are
able to escape their vacuoles, and replicate inside the cytosol (e.g. S. enterica Knodler et al.,
2010; Malik-Kale et al., 2012; Knodler, 2015, L. pneumophila Molmeret et al., 2004, 2007,
M. tuberculosis van der Wel et al., 2007; Simeone et al., 2012), thus switching their ecological
niche. The opposite mechanism is known as well: cytoplasmic bacteria, such as Francisella
tulariensis (Checroun et al., 2006) and Listeria monocytogenes (Birmingham et al., 2008)
occasionally enter host derived vacuoles, and replicate inside the new compartments. All
these bacteria show a high plasticity considering the physiological differences of vacuole versus
cytosol (Eriksson et al., 2003; Eisenreich et al., 2010). However, in electron micrographs
of P. biaurelia US_Bl 11III1, bacteria resembling the morphology of “Ca. Bealeia” were
observed to seemingly escape food vacuoles (see Chapter 2.2.3 and 2.2.4) which supports the
results of the infection experiments. The bacterium potentially modulates the host vacuole
to avoid fusion with lysosomes (Alix et al., 2011), and either replicates inside the vacuole or
escapes into the cytoplasm in a later phase of its infection cycle. Unfortunately, it was not
possible to check the experimental cultures at later time point (e.g. one month after infection)
since cultures were not maintained after the end of the experiments due to a restricted time
schedule.
An alternative explanation for the finding of “Ca. Bealeia” inside vacuole-like structures of
the acceptor species P. biaurelia might be a prolonged survival time of “Ca. Bealeia” inside
the surrounding medium compared to other obligate intracellular bacteria. Most Rickettsiales
and Holosporales do not survive a longer time period outside their host. The only exception
are some infectious representatives, such as Holospora and Caedibacter (Fujishima, 2009a;
Schrallhammer and Schweikert, 2009). H. undulata was shown to survive several days inside
inoculum but this observation was strongly negatively influenced by high temperatures (Fels
and Kaltz, 2006). Due to its close phylogenetic relationship to these Holosporales bacteria, “Ca.
Bealeia” was maybe still present inside the culture medium 7 d after starting the experiment,
and was thus ingested shortly before fixation. However, the facts that no positive signal was
observed 48 h after infection, and that positive observation occurred only in 28 and 32 ◦C
treatments somehow contradict this explanation. Both results might be randomly caused by
the generally low number of positive observations, but higher temperatures usually increase
the metabolic rates of paramecia up to the optimal temperatures of 28−29 ◦C (Wichterman,
1986; Duncan et al., 2011c,b; Krenek et al., 2011), suggesting a higher food consumption
compared to lower temperatures. Additionally, high temperatures reduce the viability of
infectious forms of Holospora inside the medium (Fels and Kaltz, 2006), thus being indicative
for a genuine infection of P. biaurelia with “Ca. Bealeia”.
The experiments focused on only one host species and genotype, namely P. biaurelia
Opatowice. However, transmission and development of infection are genotype-dependent
(Mitchell et al., 2005; Fels and Kaltz, 2006) indicating that the culture chosen in this experiment
might have not been the suitable genotype to get infected, and therefore, “Ca. Bealeia” was
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maybe not able entering the cytoplasm of its host.
In contrast, no transmission of “Ca. Megaira polyxenophila” was observed at any time point
and temperature. The experiments were performed using a different protocol compared to the
salinity experiments (see Chapter 4.2), where transmission was indicated for “Ca. Megaira”
(see Chapter 4.2). However, it is not yet known, if the bacteria produce infectious forms,
and which might be the specific factors influencing its possible production. The absence
of “Ca. Megaira” in the food vacuoles in the early stages of the temperature experiments
indicates that they were probably not able to survive the isolation treatment before. Thus,
no conclusions can be drawn about the effect of temperature on “Ca. Megaira” infections.
4.4. Conclusions and outlook
Environmental stressors might be an important factor to induce horizontal transmission
of mainly vertically transmitted symbionts. “Ca. Megaira polyxenophila” seemed to infect
symbiont-free paramecia in co-cultivation with stress induced by changed salinity concentration
of the surrounding medium (1.8h salinity) representing a hypertonic stress for P. caudatum
and a hypotonic stress for P. duboscqui (Hypothesis 6). On the contrary, in infection
experiments under temperature stress using inocula of “Ca. Bealeia paramacronuclearis”
and “Ca. Megaira polyxenophila”, some symbiotic cells were ingested, but no cytoplasmic
infection was observed (Hypothesis 6). The significance of these observations and the role
of salinity concentration and temperature is not entirely clear in case of “Ca. Megaira” and
“Ca. Bealeia”. Further experiments are needed to collect data on the possible infection
process and maintenance under salinity and temperature stress. Therefore, one might also
focus on different host genotypes, as they might be more vulnerable to infection. Moreover,
both approaches, co-cultivation and infection with inocula, should be used for different stress
treatments since both methods differ in their assumption made for how infection might be
triggered. In co-cultivation experiments, stressors are considered to induce the development of
infectious forms and additionally to stress the host to simplify the process of infection (e.g. due
to a decreased immune response). On the contrary, infection experiments based on inocula,
assume that infectious forms are already present (or not necessary) and only an additional
stress is needed to trigger an infection. The effect of temperature on symbiont bearing cultures
before starting the experiments should be examined as well, as it was performed for salinity,
to estimate the nature of the relationship between tested host and symbiont species under
temperature stress. Obtained data would be significantly supported by genome analyses to
understand the molecular base of infection. More in-depth knowledge on the temperature-
dependent transmission of bacterial symbionts in general will be especially helpful to counter




In the mid-19th-century, some scientists discovered rod-shaped structures inside the nuclei of
Paramecium, which were later identified and described by Hafkin as the bacterial symbiont
Holospora (reviewed in Fokin and Görtz, 2009). Unfortunately, research on such tiny structures
was arduous at that time, and soon after, Hafkin’s knowledge got lost. Only when in 1938
Tracy Morton Sonneborn spotted some “cytoplasmic particles” in Paramecium (Sonneborn,
1938), research on endosymbiotic bacteria came to life anew. Non of these researchers would
have probably imagined, that they discovered important host-symbiont model systems which
are now widely used to investigate diverse topics: from functional biology of host-symbiont
interactions, especially on molecular levels (Hori and Fujishima, 2003; Nakamura et al., 2004;
Hori et al., 2008; Fujishima and Kodama, 2012; Polka and Silver, 2016), to evolutionary
processes among the involved species (Duncan et al., 2011a; Dusi et al., 2015).
Nowadays, research on symbiosis is fuelled by the increasing amount of sequenced genomes,
and metagenomic data associated to different habitats or hosts. Thus, the field of microbiology
experiences a flood of data related to the existence of novel bacteria never characterized before.
In many cases, the existence of these bacteria is just indicated by the occurrence of a single
DNA sequence, and were therefore never described (see the very high number of sequences
of “uncultured bacteria” from many different habitats available on GenBank, NCBI), or
they were just discovered by assembling partial genomes (e.g. “Candidatus Arcanobacter
lacustris” Martijn et al., 2015). Many symbionts have never been observed in their natural
environment or host. The number of bacterial symbionts associated to protists, such as ciliates
or amoebae, increased rapidly in the last decade as well, providing not only “traditional” species
description focusing mainly on morphology, but including also molecular and phylogenetic
data (e.g. Boscaro et al., 2013b,d,c; Schrallhammer et al., 2013; Vannini et al., 2014; Schulz
et al., 2014, 2016; Senra et al., 2016; Serra et al., 2016; Szokoli et al., 2016a,b). Even in
well-studied model organisms like Paramecium and Euplotes, novel bacteria are frequently
discovered indicating the tremendous diversity of bacterial symbionts associated to these
genera of ciliated protists.
In Chapter 2 of the herein presented thesis, I investigated freshwater and brackish water
samples from different habitats in North and South America to analyse Hypothesis 1:
The species distribution of the ciliate Paramecium and its symbionts show a ge-
ographical pattern between North and South America. Paramecium species isolated
in North American samples differed from those of South America supporting Hypothesis 1
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(Chapter 2.1). Although sampling surveys in North and South America were only covering
small areas each, they indicate the existence of geographically influenced species distribution
of paramecia (Hypothesis 1). While some Paramecium species have been detected in my
samples from both continents, others were present only in samples from one continent. Es-
pecially one sampling side in Rio de Janeiro (Brazil) harboured diverse Paramecium species
including rare ones, which were not observed in North American samples. Moreover, the
discovery of a novel Paramecium species isolated from a wastewater treatment plant in Rio
de Janeiro indicates, that even the species composition of intensively studied organisms like
Paramecium is not yet fully known—not to mention all the protist taxa which deserved
much less attention by protistologists. However, I can not answer with absolute certainty,
if true endemic Paramecium species exist, but my data in comparison to the records from
literature suggest, that the differences in species composition observed in my study are mainly
caused by environmental differences (e.g. climatic zone and salinity concentration), than by
true endemicity (Hypothesis 1, Chapter 2). However, on a larger time scale environmental
differences can lead to speciation processes and thus, endemism as well. Moreover, most
countries (especially tropical ones) are largely uninvestigated in terms of species diversity,
and a lot more species, which might be even endemic, will be discovered in the future.
The species distribution of endosymbiotic bacteria is closely associated to the distribution
of their Paramecium hosts. Most bacterial symbionts detected in this study, were found
only in one host species showing a host-dependent geographical pattern (i.e. supporting
Hypothesis 1, Chapter 2). In accordance with Hypothesis 2: Different kind of bacteria
occur naturally in Paramecium , I detected seven different bacterial species occupying
the cytoplasm or the macronucleus of their Paramecium hosts. Among them, four species
have been never detected before (Hypothesis 2, Chapter 2). With the present work, I provide
species descriptions of these four novel bacterial “Candidatus” species combining molecular
and ultrastructural data (Chapter 2.2). Two of the symbionts—“Ca. Fokinia solitaria” from
South America and “Ca. Fokinia cryptica” from North America (Chapter 2.2 and Szokoli
et al., 2016a,b)—belong to a deep-branching genus inside the recently described Rickettsiales
family “Ca. Midichloriaceae” (Montagna et al., 2013). Additionally, I re-discovered the already
known Paramecium symbiont Lyticum sinuosum (“Ca. Midichloriaceae”), which was never
found again in natural environments since its first discovery (Sonneborn, 1959; Preer et al.,
1974), and contributed to its molecular re-description and phylogenetic classification (Chapter
2.1 and Boscaro et al., 2013d). “Ca. Midichloriaceae” includes a variety of endosymbionts
detected in different hosts, from protists like ciliates and amoebae (Vannini et al., 2010;
Boscaro et al., 2013c; Schulz et al., 2016; Senra et al., 2016) to metazoa (Sassera et al.,
2006; Richard et al., 2009; Matsuura et al., 2012; Driscoll et al., 2013). Representatives are
also considered possible etiological agents of certain animal diseases (Mediannikov et al.,
2004; Skarphedinsson et al., 2005; Lloyd et al., 2008; Mariconti et al., 2012; Cafiso et al.,
2016). It is imaginable, that symbiotic “Ca. Midichloriaceae” found in aquatic protists, might
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infect also higher taxa, indicating the potential role of paramecia as reservoir for human
and animal pathogens (Hypothesis 3: Paramecia serve as potential reservoir for
human and animal pathogens is neither proven nor rejected). However, phylogenetic
relationships among “Ca. Midichloriaceae” members are not yet resolved completely (see Fig.
2.10), but the family seems to consist of clades following opposing evolutionary approaches:
highly infectious and widespread or host specific and therefore only occasionally sampled and
considered rare. These result support Hypothesis 4: Adding data of novel bacterial
species can help to resolve the phylogenetic relationships among members of the
order Rickettsiales.
The other two novel bacteria described in this thesis (“Ca. Bealeia paramacronuclearis” and
“Ca. Jurandia parameciophila”, respectively) originated both from North American samples
and were members of a group of bacteria associated to Rickettsiales formerly referred to
as “basal Rickettsiales” (Hypothesis 2, and Chapter 2.2). Their phylogenetic information
enabled me to improve and thus, to revise Rickettsiales phylogeny (Hypothesis 4) according
to a proposal by Ferla et al. (2013). True Rickettsiales are now consisting of the three
families Rickettsiaceae, Anaplasmataceae and “Ca. Midichloriaceae” (RAM-clade, Szokoli
et al., 2016a), while the family Holosporaceae and associated species were split off and risen
to the independent order Holosporales inside Alphaproteobacteria (Szokoli et al., 2016a,c).
Moreover, due to the description of “Ca. Bealeia”, it was possible to redefine the family
Holosporaceae, formerly consisting only of the genus Holospora and the very closely associated
genus “Ca. Gortzia” (Boscaro et al., 2013b). Up to this study, the boarders were, however,
chosen too strictly by restricting the family to intranuclear, infectious symbionts exclusively
inhabiting Paramecium (Boscaro et al., 2013b). Holosporaceae now contain also the taxa
“Ca. Paraholospora” (Eschbach et al., 2009), “Ca. Hepatobacter” (Nunan et al., 2013), “Ca.
Bealeia” (Szokoli et al., 2016a), and related environmental sequences (Szokoli et al., 2016a),
which do not only occur in ciliates, but shrimps (Nunan et al., 2013) and fish (Wu et al.,
2012) as well. It can be concluded, that in some cases, even the discovery of one new species
can add important information to disentangle, at least partially, some nebulous phylogenetic
relationships (Hypothesis 4). However, not all associations among different taxonomic levels of
Holosporales are entirely clear and a lot more information (e.g. novel species and phylogenies
focussed on other markers than prokaryotic SSU rRNA gene) will be necessary to unveil true
relationships.
While most bacterial symbionts in this study were found to be associated to only one host
species, two bacteria—“Ca. Megaira polyxenophila” and “Ca. Trichorickettsia mobilis”—were
generally observed in several Paramecium species (Chapter 2.1; Schrallhammer et al., 2013;
Vannini et al., 2014), and in other organism belonging to diverse taxa (Schrallhammer et al.,
2013; Vannini et al., 2014). The occurrence of such species is a valuable indication for the
possible presence of horizontal transmission among hosts. Horizontal transmission was not
only proven for Holospora and Caedibacter (reviewed in Fokin and Görtz, 2009; Fujishima,
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2009a; Schrallhammer and Schweikert, 2009) thus far, but also in Midichloriaceae, such as
“Ca. Jidaibacter acanthamoeba” (Schulz et al., 2016) and “Ca. Bandiella woodruffi” (Senra
et al., 2016). As stated by Ebert (2013), most host-symbiont systems in nature show a mixed
mode of transmission, even if the second transmission type (in contrast to the primarily
used transmission mode) is used seldom as option. The evolution of exclusively vertically or
horizontally transmitted symbionts is a rare event (Moran et al., 2008; Bright and Bulgheresi,
2010; Sachs et al., 2011; Ebert, 2013), since even a low rate of the other transmission type can
be advantageous for both partners (Ebert, 2013). Thus, horizontal transmission of bacterial
symbionts so far described as being vertically transmitted might exist. However, conditions
for horizontal transmission of these recently discovered bacteria are completely unknown
and need to be revealed. One possibility is, that horizontal transmission might be induced
by certain vector organisms (Fokin et al., 2003, 2004b, 2005) leading to Hypothesis 5:
The infective Paramecium symbiont Holospora caryophila can introduce other
vertically transmitted symbionts into new hosts. Further, horizontal transmission
could also be induced by stressful conditions on hosts (Hypothesis 6: Environmental
stress increases the success of infections of symbionts on their ciliated host), as
shown in other systems (Takahashi et al., 1995; Freestone et al., 2008; Nobile and Johnson,
2015; Chen et al., 2016). Thus, I investigated possible transmission routes using both, vectors
(Hypothesis 5, and Chapter 3) and environmental stress factors (Hypothesis 6, and Chapter 4).
The herein presented data do not confirm vector properties of Holospora caryophila towards
Caedibacter spp. (Hypothesis 5 is rejected with my data, Chapter 3), as shown towards food
bacteria (Fokin et al., 2003, 2004b, 2005). However, in rare cases, I observed a horizontal
transmission of C. taeniospiralis not only to symbiont-free individuals of the same host species,
but also to symbiont-free individuals of a closely related sibling species (Chapter 3). Despite
recently missing proof of horizontal transmission of Caedibacter (Kusch et al., 2002; Kusch
and Görtz, 2006; Schrallhammer and Schweikert, 2009), C. taeniospiralis—at least the here
tested genotypes—has not lost its ability to infect new hosts and might take advantage of
horizontal transmission in nature (Ebert, 2013), even if it occurs only rarely.
On the contrary, horizontal transmission of the endosymbiont species “Ca. Megaira
polyxenophila” (tested under salinity and temperature stress) and “Ca. Bealeia paramacronu-
clearis” (tested only under temperature stress) was ambiguous (Chapter 4). Salinity seem to
induce transmission at low salinity stress (Hypothesis 6, and Chapter 4.2). This observation
might be explained by a decreased growth of the Paramecium host in contrast to symbiont
growth. Thus, space and other resources might have become a limiting factor triggering “Ca.
Megaira polyxenophila” to infect new hosts (in comparison with Kaltz and Koella, 2003; Fu-
jishima, 2009a). However, treatments with high salinity concentration (4.5h) lead to the loss
of the tested symbionts probably by stressing both, host and symbiont. Although the mecha-
nisms are not entirely clear, it can be compared to symbiont loss induced by high temperatures
(Duncan et al., 2011b; Dusi et al., 2014). In infection experiments under temperature stress,
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transmission of “Ca. Megaira polyxenophila” was not affect at all. FISH observation indicated,
that this bacterium in this specific case probably did not survive the isolation treatment to
obtain an inoculum. On the contrary, “Ca. Bealeia paramacronuclearis” was found in food
vacuole-like structures at 28 and 32 ◦C even 7 d after starting the experiment (Hypothesis 6,
and Chapter 4.3). A true event of infection can not be confirmed with the here presented
data, but “Ca. Bealeia paramacronuclearis” still can be considered a promising candidate
to identify stress induced horizontal transmission (Hypothesis 6). Although, environmental
factors might or might not induce transmission depending on the stressor itself (Hypothesis 6
is neither proven nor rejected), the involved symbiont and host genotypes differed in their
response type and intensity. Additionally, it can be concluded, that stress influences the
host-symbiont relationship in a strong way. As shown for salinity stress, changes in salinity
concentration do not only clear out infection but it also affects growth of symbiont bearing
hosts in contrast to symbiont free ones on a short-term scale (Chapter 4.2). However, the
effects that symbionts can have on their hosts, can cover the complete range between true
parasitism and true mutualism (Ewald, 1987; Dale and Moran, 2006; Fokin and Görtz, 2009;
Görtz and Fokin, 2009), and the outcome of many of these seemingly defined relationships can
vary according to environmental factors and involved genotypes (Fellous and Salvaudon, 2009;
Duncan et al., 2010). Thus, identifying the true character of a symbiotic relationship can be
difficult and has to be seen in a larger context, in any case (Pond et al., 1989). Moreover,
transmission between different species of the same genus or family (e.g. C. taeniospiralis and
“Ca. Megaira polyxenophila” in this study, and “Ca. Trichorickettsia mobilis” in Vannini
et al., 2014) indicates the possibility of horizontal transmission to other protist taxa as well.
Symbionts which show the plasticity to infect various species from different protist groups,
such as “Ca. Megaira polyxenophila” (Schrallhammer et al., 2013), might be able to adapt
to invertebrate or vertebrate host cells provoking co-evolutionary processes and might lead
to speciation events as described for Wolbachia (Breeuwer and Werren, 1990; Bordenstein
and Werren, 1998; Bordenstein et al., 2001), and causing pathology for their hosts in the
worst case (as for pathogenic Rickettsiales). In Paramecium, many characterized symbionts
belong to the bacterial order Rickettsiales which is mainly studied for their human and animal
pathogens (Walker and Ismail, 2008; Palmer and Azad, 2012). Other pro- and eukaryotic
symbionts of ciliates, such as the Gammaproteobacteria “Ca. Francisella noatunensis subsp.
endociliophora” (Schrallhammer et al., 2011) and Legionella pneumophila (Watanabe et al.,
2016), Microsporidia (Görtz, 1987b; Foissner and Foissner, 1995; Fokin et al., 2008) and
Trypanosomatidae (Görtz and Dieckmann, 1987; Fokin et al., 2014), are closely related to
causative agents, too. Although not yet proven, ciliates have a great potential to serve as
pathogen reservoir for higher organisms.
Future research on host-symbiont systems will strongly rely on genome analyses, as they
might help to understand various aspects of the particular host-symbiont interactions. These
data will be of special interest for investigating novel species and taxonomic groups to validate
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their phylogenetic position. Moreover, genomic data will provide information on metabolic
pathways, possible communication and manipulation between host and symbiont. Thus, it
might be possible to understand the true nature of these relationships. Especially Paramecium
and its symbionts can be used as a suitable model system to study evolutionary questions. The
close association of some species to the nuclei (e.g. Holospora and “Ca. Gortzia”) potentially
leads to events of horizontal gene transfer between the two partners, which might significantly
change or add functional genes (for review see Soucy et al., 2015). Since the Paramecium
genome and related molecular mechanisms are already intensively studied (Beisson et al.,
2010), the first steps are made to discover and study horizontal gene transfer in this system.
Other aspects of evolutionary science might involve transmission of bacterial symbionts
inhabiting ciliates towards higher taxa along the food chain, e.g. to copepods, water fleas
or different aquatic insect larvae. If the symbionts would be found to infect arthropods,
they potentially could be passed to vertebrates in aquatic environments (e.g. fish or aquatic
birds) or in terrestrial environments (e.g through adult mosquitoes during the blood meal).
Horizontal transmission covering single- and multicellular taxa would provide a lot of novel
information concerning evolution of both, the independent development of terrestrial life
cycles (i.e. by infecting terrestrial hosts) of different branches of bacterial orders comprising
symbionts, and the evolution of intracellular pathogens. To understand the mechanisms
leading to pathogenic species becomes more urgent in the light of climate change (i.e. changed
in geographical distribution of pathogens and vectors) and increasing xenobiotics pollution
(i.e. altered biodiversity of a system might lead to a higher vulnerability against pathogens),
both caused by humans.
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Table A.1.: AIC results of different tested models explaining the carrying capacity (K) for growth





Model Df AIC value
m1 K ∼ salinity * species * genotype * replicate *
infection
25 572.406
m2 K ∼ salinity * species * genotype * infection 13 573.665
m3 K ∼ salinity * species * genotype * replicate 17 631.453
m4 K ∼ salinity * species * replicate * infection 17 610.985
m5 K ∼ salinity * genotype * replicate * infection 25 572.406
m6 K ∼ species * genotype * replicate * infection 13 607.288
m7 K ∼ salinity * species * genotype 9 620.198
m8 K ∼ salinity * species * replicate 9 630.562
m9 K ∼ salinity * species * infection 9 604.323
m10 K ∼ salinity * genotype * infection 13 573.665
m11 K ∼ salinity * genotype * replicate 17 631.453
m12 K ∼ salinity * infection * replicate 9 609.776
m13 K ∼ species * genotype * replicate 9 637.899
m14 K ∼ species * genotype * infection 7 598.540
m15 K ∼ species * genotype * infection 7 598.540
m16 K ∼ species * genotype * replicate 9 637.899
m17 K ∼ salinity * species 5 625.450
m18 K ∼ salinity * genotype 9 620.198
m19 K ∼ salinity * replicate 5 627.896
m20 K ∼ salinity * infection 5 606.593
m21 K ∼ species * genotype 5 631.060
m22 K ∼ species * replicate 5 638.889
m23 K ∼ species * infection 5 620.064
m24 K ∼ genotype * replicate 9 637.899
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m25 K ∼ genotype * infection 7 598.540
m26 K ∼ replicate * infection 5 620.415
m27 K ∼ salinity 3 625.445
m28 K ∼ species 3 635.615
m29 K ∼ genotype 5 631.060
m30 K ∼ replicate 3 636.138
m31 K ∼ infection 3 617.730
m32 K ∼ salinity + species + genotype + replicate +
infection
8 603.100
m33 K ∼ salinity + species + genotype + infection 7 602.225
m34 K ∼ salinity + species + genotype + replicate 7 621.104
m35 K ∼ salinity + species + replicate + infection 6 605.737
m36 K ∼ salinity + genotype + replicate + infection 8 603.100
m37 K ∼ species + genotype + replicate + infection 7 618.119
m38 K ∼ salinity + species + genotype 6 619.958
m39 K ∼ salinity + species + replicate 5 627.364
m40 K ∼ salinity + species + infection 5 604.764
m41 K ∼ salinity + genotype + infection 7 602.225
m42 K ∼ salinity + genotype + replicate 7 621.104
m43 K ∼ salinity + infection + replicate 5 605.611
m44 K ∼ species + genotype + replicate 6 632.349
m45 K ∼ species + genotype + infection 6 617.009
m46 K ∼ species + genotype + infection 6 617.009
m47 K ∼ species + genotype + replicate 6 632.349
m48 K ∼ salinity + species 4 626.105
m49 K ∼ salinity + genotype 6 619.958
m50 K ∼ salinity + replicate 4 626.718
m51 K ∼ salinity + infection 4 604.611
m52 K ∼ species + genotype 5 631.060
m53 K ∼ species + replicate 4 636.984
m54 K ∼ species + infection 4 618.236
m55 K ∼ genotype + replicate 6 632.349
m56 K ∼ genotype + infection 6 617.009
m57 K ∼ replicate + infection 4 618.920
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Table A.2.: The table displays the calculated maximal growth rate per day (µmax), the carrying
capacity (K) and coefficient of determination (R2) of growth experiments of infected and
symbiont free Paramecium cultures under osmotic stress; false–no infection/antibiotics
cured (FGC3 AB, HC+ AB, and YE4); true–infected genotypes FGC3, HC+, YE9.
Genotype Infection Salinity [h] Replicate µmax K R2
FGC3 false 0 1 3.892 65.502 0.930
FGC3 false 0 2 3.683 68.384 0.932
FGC3 false 0 3 2.406 64.595 0.895
HC+ false 0 1 1.516 32.550 0.993
HC+ false 0 2 2.620 28.265 0.981
HC+ false 0 3 1.735 27.782 0.989
YE4 false 0 1 1.615 44.974 0.925
YE4 false 0 2 2.928 53.472 0.934
YE4 false 0 3 2.914 44.788 0.975
FGC3 true 0 1 5.503 60.247 0.922
FGC3 true 0 2 5.501 64.297 0.942
FGC3 true 0 3 5.719 64.609 0.755
HC+ true 0 1 0.782 56.03 0.949
HC+ true 0 2 0.440 82.499 0.976
HC+ true 0 3 0.406 77.448 0.968
YE9 true 0 1 1.492 84.992 0.982
YE9 true 0 2 3.638 72.333 0.967
YE9 true 0 3 2.280 66.274 0.985
FGC3 false 1.8 1 2.543 51.952 0.911
FGC3 false 1.8 2 2.353 55.535 0.885
FGC3 false 1.8 3 4.492 47.107 0.887
HC+ false 1.8 1 1.797 28.925 0.992
HC+ false 1.8 2 2.242 24.803 0.994
HC+ false 1.8 3 1.318 26.128 0.967
YE4 false 1.8 1 3.294 26.042 0.849
YE4 false 1.8 2 3.098 19.442 0.953
YE4 false 1.8 3 2.302 27.668 0.939
FGC3 true 1.8 1 5.782 42.214 0.943
FGC3 true 1.8 2 2.209 42.659 0.951
FGC3 true 1.8 3 5.756 46.821 0.970
HC+ true 1.8 1 0.994 60.706 0.956
HC+ true 1.8 2 0.945 56.616 0.950
HC+ true 1.8 3 0.879 51.567 0.955
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YE9 true 1.8 1 2.314 51.460 0.991
YE9 true 1.8 2 1.455 58.726 0.972
YE9 true 1.8 3 1.314 59.957 0.999
FGC3 false 4.5 1 0.756 47.609 0.977
FGC3 false 4.5 2 1.819 32.198 0.952
FGC3 false 4.5 3 0.900 47.000 0.972
HC+ false 4.5 1 5.237 14.403 0.903
HC+ false 4.5 2 4.946 19.828 0.899
HC+ false 4.5 3 4.247 14.442 0.835
YE4 false 4.5 1 2.512 45.771 0.968
YE4 false 4.5 2 3.729 40.531 0.998
YE4 false 4.5 3 5.475 36.831 0.996
FGC3 true 4.5 1 2.596 52.029 0.972
FGC3 true 4.5 2 3.766 41.285 0.959
FGC3 true 4.5 3 2.867 46.460 0.926
HC+ true 4.5 1 0.931 49.625 0.979
HC+ true 4.5 2 1.026 40.514 0.996
HC+ true 4.5 3 0.737 42.462 0.982
YE9 true 4.5 1 2.828 42.158 0.997
YE9 true 4.5 2 2.053 35.939 0.989
YE9 true 4.5 3 1.420 32.708 0.953
FGC3 false 6.0 1 0.757 50.145 0.978
FGC3 false 6.0 2 1.894 44.284 0.990
FGC3 false 6.0 3 1.113 46.032 0.975
HC+ false 6.0 1 3.863 11.838 0.432
HC+ false 6.0 2 3.441 11.223 0.557
HC+ false 6.0 3 3.355 15.764 0.866
YE4 false 6.0 1 3.805 12.281 0.733
YE4 false 6.0 2 2.696 22.831 0.823
YE4 false 6.0 3 3.068 22.566 0.968
FGC3 true 6.0 1 2.266 60.812 0.955
FGC3 true 6.0 2 2.716 51.238 0.977
FGC3 true 6.0 3 3.637 48.760 0.971
HC+ true 6.0 1 0.379 120.000 0.987
HC+ true 6.0 2 0.515 43.918 0.984
HC+ true 6.0 3 0.386 48.224 0.959
YE9 true 6.0 1 3.661 28.502 0.894
YE9 true 6.0 2 1.656 30.413 0.965
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YE9 true 6.0 3 1.993 29.487 0.960
Table A.3.: AIC results of different tested models explaining the carrying capacity (K) for growth of
co-cultivated Paramecium species YE9 x Mg5, YE9 x BB8, HC+ x Mg5 and HC+ x BB8
in comparison to controls; Df–degrees of freedom; AIC–Akaike information criterion.
Model
number
Model Df AIC value
YE9 x Mg5
m1 K ∼ salinity * species * replicate 13 407.607
m2 K ∼ salinity * species 7 399.559
m3 K ∼ salinity * replicate 5 407.306
m4 K ∼ species * replicate 7 401.823
m5 K ∼ salinity 3 404.305
m6 K ∼ species 4 397.175
m7 K ∼ replicate 3 405.825
m8 K ∼ salinity + species + replicate 6 398.674
m9 K ∼ salinity + species 5 396.781
m10 K ∼ salinity + replicate 4 406.235
m11 K ∼ species + replicate 5 399.077
YE9 x BB8
m1 K ∼ salinity * species * replicate 13 406.409
m2 K ∼ salinity * species 7 397.403
m3 K ∼ salinity * replicate 5 424.086
m4 K ∼ species * replicate 7 399.839
m5 K ∼ salinity 3 420.520
m6 K ∼ species 4 394.410
m7 K ∼ replicate 3 420.672
m8 K ∼ salinity + species + replicate 6 397.711
m9 K ∼ salinity + species 5 395.843
m10 K ∼ salinity + replicate 4 422.474
m11 K ∼ species + replicate 5 396.280
HC+ x Mg5
m1 K ∼ salinity * species * replicate 13 410.840
m2 K ∼ salinity * species 7 406.058
m3 K ∼ salinity * replicate 5 416.864
m4 K ∼ species * replicate 7 411.594
m5 K ∼ salinity 3 413.045
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m6 K ∼ species 4 409.150
m7 K ∼ replicate 3 413.900
m8 K ∼ salinity + species + replicate 6 412.046
m9 K ∼ salinity + species 5 410.046
m10 K ∼ salinity + replicate 4 415.045
m11 K ∼ species + replicate 5 411.149
HC+ x BB8
m1 K ∼ salinity * species * replicate 13 431.179
m2 K ∼ salinity * species 7 422.504
m3 K ∼ salinity * replicate 5 422.898
m4 K ∼ species * replicate 7 428.755
m5 K ∼ salinity 3 420.516
m6 K ∼ species 4 423.413
m7 K ∼ replicate 3 425.100
m8 K ∼ salinity + species + replicate 6 421.273
m9 K ∼ salinity + species 5 419.684
m10 K ∼ salinity + replicate 4 422.174
m11 K ∼ species + replicate 5 425.082
Table A.4.: The table displays the calculated maximal growth rate per day (µmax), the carrying
capacity (K) and coefficient of determination (R2) of growth in co-cultivation experiments
of Paramecium species under osmotic stress. SUM stands for the total number of counted
cells in co-cultivation treatments regardless of the species.
Genotype Salinity [h] Replicate µmax K R2
YE9 x Mg5
Mg5 0 1 0.216 120.686 0.915
YE9 0 1 0.071 539.836 0.961
SUM 0 1 0.025 641.526 0.928
Mg5 0 2 0.108 319.617 0.807
YE9 0 2 0.110 172.143 0.949
SUM 0 2 0.056 100.000 0.655
Mg5 0 3 0.130 271.126 0.913
YE9 0 3 0.054 360.970 0.934
SUM 0 3 0.013 995.192 0.695
Mg5 1.8 1 0.142 162.670 0.942
YE9 1.8 1 0.928 100.000 0.886
SUM 1.8 1 0.024 844.952 0.732
Mg5 1.8 2 0.144 195.386 0.964
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YE9 1.8 2 0.016 110.388 0.593
SUM 1.8 2 0.017 1499.998 0.472
Mg5 1.8 3 0.120 405.516 0.952
YE9 1.8 3 0.020 116.260 0.774
SUM 1.8 3 0.016 1499.995 0.464
Mg5 4.5 1 0.018 100.000 0.667
YE9 4.5 1 0.012 504.208 0.621
SUM 4.5 1 0.012 503.148 0.421
Mg5 4.5 2 0.021 100.000 0.752
YE9 4.5 2 0.020 112.718 0.869
SUM 4.5 2 0.010 100.000 0.181
Mg5 4.5 3 0.010 100.000 0.545
YE9 4.5 3 0.029 100.002 0.945
SUM 4.5 3 0.010 100.000 0.077
YE9 x BB8
BB8 0 1 0.147 463.533 0.754
YE9 0 1 0.071 539.836 0.961
SUM 0 1 1.000 249.470 0.309
BB8 0 2 0.053 1500.000 0.752
YE9 0 2 0.110 172.143 0.949
SUM 0 2 1.000 255.863 0.452
BB8 0 3 0.049 1499.999 0.743
YE9 0 3 0.054 360.970 0.934
SUM 0 3 1.000 263.849 0.322
BB8 1.8 1 0.059 1500.000 0.796
YE9 1.8 1 0.928 100.000 0.886
SUM 1.8 1 1.000 236.266 0.176
BB8 1.8 2 1.000 311.632 0.970
YE9 1.8 2 0.016 110.388 0.593
SUM 1.8 2 1.000 253.481 0.480
BB8 1.8 3 0.182 502.546 0.815
YE9 1.8 3 0.020 116.260 0.774
SUM 1.8 3 0.884 285.101 0.887
BB8 4.5 1 0.097 1500.000 0.753
YE9 4.5 1 0.012 504.208 0.621
SUM 4.5 1 1.000 255.333 0.783
BB8 4.5 2 0.079 1500.000 0.754
YE9 4.5 2 0.020 112.718 0.870
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SUM 4.5 2 1.000 278.929 0.926
BB8 4.5 3 0.089 1500.000 0.779
YE9 4.5 3 0.029 100.002 0.945
SUM 4.5 3 0.959 247.494 0.866
HC+ x Mg5
HC+ 0 1 0.113 100.000 0.934
Mg5 0 1 0.216 120.686 0.915
SUM 0 1 0.154 1500.000 0.940
HC+ 0 2 0.135 577.863 0.970
Mg5 0 2 0.108 319.617 0.807
SUM 0 2 0.124 421.811 0.799
HC+ 0 3 0.163 167.431 0.907
Mg5 0 3 0.130 271.126 0.913
SUM 0 3 0.107 648.938 0.948
HC+ 1.8 1 0.124 235.140 0.956
Mg5 1.8 1 0.142 162.670 0.942
SUM 1.5 1 0.071 1478.393 0.616
HC+ 1.8 2 0.106 1395.061 0.951
Mg5 1.8 2 0.144 195.386 0.964
SUM 1.8 2 0.098 898.868 0.775
HC+ 1.8 3 0.094 1057.736 0.972
Mg5 1.8 3 0.120 405.516 0.952
SUM 1.8 3 0.106 871.128 0.886
HC+ 4.5 1 0.061 928.561 0.810
Mg5 4.5 1 0.018 100.000 0.667
SUM 4.5 1 0.069 100.000 0.679
HC+ 4.5 2 0.110 159.332 0.814
Mg5 4.5 2 0.021 100.000 0.752
SUM 4.5 2 0.037 103.165 0.545
HC+ 4.5 3 0.085 1059.583 0.842
Mg5 4.5 3 0.010 100.000 0.545
SUM 4.5 3 0.023 102.307 0.386
HC+ x BB8
BB8 0 1 0.147 463.533 0.754
HC+ 0 1 0.113 100.000 0.934
SUM 0 1 0.074 100.000 0.958
BB8 0 2 0.0528 1500.000 0.752
HC+ 0 2 0.135 577.863 0.970
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SUM 0 2 0.096 280.137 0.901
BB8 0 3 0.049 1499.999 0.743
HC+ 0 3 0.163 167.431 0.907
SUM 0 3 0.120 1500.000 0.924
BB8 1.8 1 0.059 1500.000 0.796
HC+ 1.8 1 0.124 235.140 0.956
SUM 1.8 1 0.102 1500.000 0.858
BB8 1.8 2 1.000 311.632 0.970
HC+ 1.8 2 0.106 1395.061 0.951
SUM 1.8 2 0.083 411.841 0.978
BB8 1.8 3 0.182 502.546 0.815
HC+ 1.8 3 0.094 1057.736 0.971
SUM 1.8 3 0.097 331.653 0.967
BB8 4.5 1 0.097 1500.000 0.753
HC+ 4.5 1 0.061 928.561 0.810
SUM 4.5 1 0.057 1500.000 0.912
BB8 4.5 2 0.079 1500.000 0.754
HC+ 4.5 2 0.110 159.332 0.814
SUM 4.5 2 0.050 1500.000 0.992
BB8 4.5 3 0.089 1500.000 0.779
HC+ 4.5 3 0.085 1059.583 0.842
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Figure A.1.: Diagnostic plots of the effects of different treatments on the carrying capac-
ity K. The graphic shows the separate distribution of K according to salinity, species,
strain (=genotype), replicate, and infection.
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Figure A.2.: Fits of Baranyi model to the growth data of infected vs. uninfected geno-
types under salinity stress. First part of the dataset including only data of symbiont-
free genotypes. Treatments are given as follows: species (P. biaurelia, P. pentaurelia),
genotype (FGC3AB, HC+AB, YE4, FGC3, HC+, YE9), infection (false, true), salinity
(0h, 1.8h, 4.5h, and 6.0h), and replicate (1, 2, 3).
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Figure A.3.: Fits of Baranyi model to the growth data of infected vs. uninfected geno-
types under salinity stress. Second part of the dataset including the rest of the data
of symbiont-free genotypes, and additionally some data of infected genotypes. Treat-
ments are given as follows: species (P. biaurelia, P. pentaurelia), genotype (FGC3AB,
HC+AB, YE4, FGC3, HC+, YE9), infection (false, true), salinity (0h, 1.8h, 4.5h,
and 6.0h), and replicate (1, 2, 3).156
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Figure A.4.: Fits of Baranyi model to the growth data of infected vs. uninfected geno-
types under salinity stress. Third part of the dataset including only data of infected
genotypes. Treatments are given as follows: species (P. biaurelia, P. pentaurelia), geno-
type (FGC3AB, HC+AB, YE4, FGC3, HC+, YE9), infection (false, true), salinity
(0h, 1.8h, 4.5h, and 6.0h), and replicate (1, 2, 3).
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Figure A.5.: Diagnostic plots of the effects of different salinity treatments on the carry-
ing capacity K in co-cultivation experiments involving P. pentaurelia YE9
as donor species. The graphic shows the separate distribution of K according to




Figure A.6.: Diagnostic plots of the effects of different salinity treatments on the car-
rying capacity K in co-cultivation experiments involving P. biaurelia HC+
as donor species. The graphic shows the separate distribution of K according to














































































































































































































Figure A.7.: Fits of growth model with exponentially decreasing carrying capacity to
the growth data of co-cultivation of P. pentaurelia YE9 and P. caudatum
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure A.11.: Growth data including the sum of the two co-cultivated species P. pen-
taurelia YE9 and P. caudatum Mg5 compared to the controls of YE9 and
Mg5. Data are separated by salinity concentration and replicate.
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Figure A.12.: Growth data including the sum of the two co-cultivated species P. pen-
taurelia YE9 and P. duboscqui BB8 compared to the controls of YE9 and
BB8. Data are separated by salinity concentration and replicate.
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Figure A.13.: Growth data including the sum of the two co-cultivated species P. biau-
relia HC+ and P. caudatum Mg5 compared to the controls of HC+ and
Mg5. Data are separated by salinity concentration and replicate.
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Figure A.14.: Growth data including the sum of the two co-cultivated species P. biau-
relia HC+ and P. duboscqui BB8 compared to the controls of HC+ and
BB8. Data are separated by salinity concentration and replicate.
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